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Abstract
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Submitted for the degree of So.D. in the
Department of Civil and Sanitary Engineering
on August 24, 1951
In order to evaluate the applicability of ultrasonic
vibrations to sanitary engineering practice, an investiga-
tion was undertaken to determine the many factors that i-
fluence the bactericidal effect of ultrasound and to ascer-
tain the mechanism of the lethal action.
Ultrasonic vibrations produced by a quartz crystal
oscillating at 400 kilocycles were used to sonorate 100 ml
bacterial suspensions maintained in a thermally jacketed
test container. The acoustic energy applied to the sample
was maintained at 5.7 watts/sq.cm. for most of the test
runs.
It was demonstrated that the presence of cavitation
was necessary to the lethal action of ultrasound. Applica-
tion of superimposed hydrostatic pressures resulted in de-
creases in the lethal effect because of inhibition of cavi-
tation formation. The acoustic intensity had a pronounced
effect on the killing rate which was correlated to cavita-
tion formation. The killing rate increased with the acous-
tic intensity until a value of 6.6 watts/sq. cm. was reached
after which the rate decreased. This was interpreted as be-
ing caused by the great number of cavitation bubbles in the
sample layer nearest the sound source which interfered with
the passage of the sound wave.
It was found that the gas content of the suspending me-
dium was not well correlated with the killing rate. The
slight correlation that did exist showed the rate to be rel-
atively insensitive to the gas content. A critical inter-
pretation of the literature showed that these results were
probably not incompatible with those obtained in the past.
The formation of cavitation bubbles had been attributed
to the growth of micro gas bubbles, but, since experimental
results led to serious doubt as to the importance of gas nu-
clei, it was proposed that critical cavitation resulted from
the rupture of the water-bacterit structural continuum.
It was shown that the amount of acoustic energy neces-
sary to rupture the liquid decreased with rising temperature
even when the environmental temperature was well below the
optimum thermal range for bacterial growth. With an acoustic
intensity of 5.7 watts/sq.cm. it was predicted and observed
that an accompanying environmental temperature of 6000C. would
lead to practically instantaneous sterilization.
Abstract of Sc.D. thesis
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The addition of surface tension depressants to the bac-
terial suspension seemed to strengthen the linkages between
the bacterial cell and the water structure. It was demon-
strated that decreases in the surface tension of the bacte-
rial suspension resulted in lower killing rates. The killing
rate could be expressed either as an exponential function or
a 6.5 power function of the surface tension.
The structural strength of the bacterial cell influenced
the susceptibility of the organisms to ultrasonic vibrations.
It was shown that highly organized complex organisms, such as
cysts of Endamoeba histolytica, could be destroyed in less
than 1 minute. Even within the class of bacteria, the more
complicated cells were destroyed more rapidly.
The ultrasonic killing rate varied throughout the growth
cycle. Optimum killing effects were obtained on old (18-day)
bacterial cultures while the minimum lethal action was expe-
rienced between the end of the logarithmic growth phase and
the beginning of old age.
Chemical conditioning of the cell wall indicated that
weakening of the membrane with lysozyme led to increased
lethal effects while strengthening of the cell wall with
formaldehyde led to decreased lethal effects.
A lethal mechanism was proposed to explain the destruc-
tive action of ultrasound. The mechanism stated that, as a
result of tensile stresses created by the negative pressure
portion of the sound wave, interfacial linkages between the
ionic atmosphere and the cellular capsule were ruptured and
cavitation bubbles were formed. During the succeeding posi-
tive pressure phase of the sound wave, the bubble was col-
lapsed, and the resulting shock wave ruptured the adjacent
cell wall.
The pH of the suspending medium did not influence the
killing rate significantly for the first 20 minutes of the
test runs. Thereafter, the samples buffered at higher pH
levels exhibited continually increasing killing rates. This
effect was explained on the basis of the rapidity with which
new hydrogen bond linkages between the cell and the water
structure could be formed.
The influence of turbidity in the bacterial suspension
was shown to have an insignificant effect on the killing
rate below 500 ppm. The action of turbidity particles was
explained by a consideration of the formation of alternate
cavitation nuclei.
It was concluded that the bactericidal effect of ultra-
sonic vibrations did not have any real applicability to the
sanitary engineering problems of water purification or waste
treatment because of cost considerations. Industries with
costlier products may have definite practical applications
for ultrasound.
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IINTRODUCTION
A. Background to Ultrasound
History of Ultrasonic Vibrations
Rarely does any physical phenomenon find such wide-
spread scientific and technical application in so few years
as has ultrasound. In the space of only half a century
ultrasound has found use in the determination of the molecu-
lar structure of compounds, the determination of the nature
of bacterial structure, the detection of brain tumors, the
coagulation of smokes and fogs, the manufacture of paper,
and the pasteurization of milk. Its use has been suggested
for aging liquor, opening oysters, and ridding public build-
ings of pigeons. These are only a few of the varied indus-
trial and scientific uses to which ultrasound has been ap-
plied, but they represent the wide field of applicability
proposed for a phenomenon that was first experienced in
1899 but was not developed until the first World War.
In 1899 Konig, using small tuning forks with prongs
only a few millimeters long, produced ultrasonic vibrations
which he estimated to be of 90-kilocycle frequency. How-
ever, the vibrations produced were of such small intensity
that they were of no practical use . In this respect it
is important to realize that although the term ultrasonic
vibrations means sound waves pitched higher than the human
ear can hear (about 18 kilocycles) the effects attributable
to ultrasound are effects that are in most cases caused by
the high intensity of the sound wave rather than the high
3frequency. Although the term ultrasonic vibrations usually
implies high intensity sound waves, it is important to note
that strictly speaking the term only refers to frequency
and does not necessarily connote high intensity.
The following year, 1900, Edelman designed an im-
proved Galton whistle that operated at about 100 kilocy-
cles7 . In 1907 Altberg generated frequencies up to 300
kilocycles by utilizing the spark discharge of a damped con-
denser. The amplitude of these vibrations was variable and
the pure tone had to be filtered by a diffraction grating to
eliminate the large number of undesired frequencies .
The first significant contribution toward the produc-
tion of ultrasound occurred during the first World War when
Langevin experimented with a cylindrical mica crystal driven
by a Poulsen are at 100 kilocycles 6 4 ) . Langevin's work,
which was performed for the French government, had as its
objective the determination of a practicable method for the
location of underwater objects, especially submarines. The
work, started in 1915, showed first evidences of success in
1916 when Langevin and his associates obtained transmission
ranges up to 2000 yards in the Seine River. The results of
this research, which were shown to foreign attaches in 1917,
stimulated groups in other countries to begin work on the
development of ultrasonic transmitters and receivers.
In this country, under the auspices of the Office of
Naval Research, groups were set up at Columbia University
and San Pedro, California, to study the problem. Most of
their efforts were spent trying to develop workable Rochelle
Salt crystals, however, and very little significant progress
resulted.
In the meantime Langevin continued his researches and
developed the piezoquartz (with which he was familiar because
of an earlier association with the Curie brothers) as an ef-
ficient generating device. His development of steel plates
to sandwich the quartz led to a 10 to 25-fold increase in
the energy obtained from his generating equipment. Although
Langevin was principally interested in the production of
suitable ultrasound generators, several of the effects of
ultrasound were first observed during tank tests on the gen-
erators. For instance, small fish that swam into the sound
beam were killed; pain was felt when the hand was placed in
the sound beam; and incipient cavitation (to be defined
later) was noted. During Langevin's later experiments at
Toulon, one of the observers, R. W. Wood, was so impressed
that he decided to conduct experiments of his own on a broad
general scale to determine some of the effects of ultra-
sound. This led to the Tuxedo Park experiments culminating
in the famous article published by Wood and Loomis in
51927(123). This article, although qualitative in nature and
hardly complete in detail, represented the important open-
ing wedge in the determination of the physical and biolog-
ical effects of ultrasound.
In the meantime, other types of generating devices
were being developed. In 1927 Hartmann developed an air Jet
generator that operated on the principal of an interrupted
air jet to produce pulsations. Frequencies up to 120 kilo-
cycles were obtained with this type of generator, but the
efficiency of the generator was only about 5 per cent (7)
Earlier, in 1922, Cady experimented with different types of
driving circuits. He finally developed a suitable circuit
that could match the resonant frequency of the piezoquartz
to the frequency of the electric driving circuit. Giebe
and Scheibe in 1925 refined the determination of electrical
driving frequencies on the basis of quartz dimensions, but
it was not until the early thirties that reliable piezo-
(5)quartz generators were available for experimental work .
Parallel with the development of the piezoquarts gen-
erator, the magnetostriction oscillator, operating on the
magnetic expansion and contraction properties of ferromag-
netic rods, was first developed by Pierce in the early part
of 1926 . Subsequent work by Kallmeyer, Mulwert, and
Giebe and Blechschmidt led to the development of improved
oscillatory circuits and magnetostriction rods. A major
part of the experimental work performed in the late twenties
by various investigators utilized magnetostriction gener-
ators as a sound source.
Commercially produced generators were difficult to
obtain and were very expensive. Consequently, after a short
flurry of experimental activity in the late twenties and
early thirties, the field of ultrasonics was abandoned as
far as hope for scientific and technical applications was
concerned. It was not until the beginning of the second
World War, when the need for better production and research
processes was felt, that the interest in the production and
application of ultrasonic vibrations grew again - this time
to remain active.
As application possibilities for ultrasound were pro-
posed and explored, more manufacturers felt there would be a
market for generating units of one type or another. Conse-
quently, within the past few years several new types of gen-
erators have been designed - the most noteworthy being the
ultrasonic siren. The siren, resembling a turbine period-
ically interrupting a stream of high pressure air, is capa-
ble of delivering large amounts of air-borne sonic energy
and has been put to use in several commercial applications
which will be pointed out below.
Only since 1948 have synthetic ceramics begun to
compete with quartz in the piezoelectric generators.
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However, the recent development of barium titanate ceram-
ics promises to revolutionize the application possibili-
ties of ultrasound. These synthetic ceramics may be pro-
duced in sizes and shapes impossible to obtain with
quartz crystals and have thus widened the approaches to
various technical problems of large scale installations.
One cannot help but be impressed by the rapidity
with which new ultrasonic generating techniques are being
developed at the present time. The problem of predicting
future application possibilities is all the more complex
because of this. Nevertheless, since the application of
basic principles seems to be the end to justify all re-
search efforts, it is desirable to indicate some of the
generating methods that are available at the present time
and to indicate some of the factors which may affect the
applicability of these generating techniques.
Present Ultrasonic Generators
At the time of this writing there are three general
types of ultrasonic generating equipment of commercial
importance. Although there are other methods that have
been suggested or are being developed at present, the
three most important methods include crystal generators,
magnetostriction generators, and high frequency sirens.
The crystal generator is perhaps the most widely
available method of producing ultrasound. It is used in
1'
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the generation of liquid-borne sound in a frequeney range
usually above 200 kilocycles. The generator functions be-
cause of the reverse piesoelectric properties of certain
specifie crystals such as tourmaline, quartz, Rochelle
salt, cane sugar, ammonium dihydrogen phosphate, polarized
barium titanate, as well as other crystals of various sys-
tems. Briefly, the piezoelectric effect is observed if
tensile or compressive stresses are applied to the crystal
in the direction of its polar axis. Under these circum-
stances, the ions, which compose the crystalline lattice,
are displaced asymmetrically so that free charges ap-
pear (1 ). The reverse piezoelectric effect is utilized in
all crystal generators. By applying an electrical current
across the crystal in the direction of the polar axis, an
internal compressive or tensile stress is set up which
tends to strain the crystal. A reversal of the current
through the crystal will cause the opposite stress to be
applied. Thus if an alternating current is applied across
the crystal, it contracts and expands in phase with the
electric current, and since any vibrating body is the
source of sound waves, the crystal becomes an acoustical
generator.
Obviously the techniques of driving the crystal are
complex, and a discussion of them is far behond the scope
of this thesis. However, it should be pointed out that
the maximum energy output of the crystal, for any given in-
put, occurs when the frequency of the electrical driving
circuit exactly matches the resonant frequency of the crys-
tal. Thus the crystal size, which governs the crystal reso-
nance, determines the frequency at which sound may be gener-
ated, although it is possible to obtain small variations in
output frequency by detuning the crystal. Under such cir-
cumstances the power output of the crystal drops off
sharply. The lower frequency range available for the gen-
eration of sonic vibrations by crystals is limited by the
large crystal size needed. Considering. that crystals must
be cut from a mother crystal, the size necessary to obtain
resonant vibrations much below 200 kilocycles is very rarely
found. On the other hand, the upper frequency limit is
governed mostly by the fact that as the crystal becomes
smaller, its structural strength decreases so that the
energy input to the crystal must be decreased in order to
avoid shattering.
The crystals most commonly used in ultrasonic gen-
erators are naturally occurring quartz and synthetic barium
titanate (BaTiO,). It should be pointed out that although
barium titanate is usually spoken of as a crystal, it is
actually a ceramic material which behaves like a crystal
when it has been properly polarized. Of the two mate-
rials, the quartz crystals have found more widespread use
1 ~;~----SL
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up to the present time, but only as a result of their
longer history. The electrical properties of barium ti-
tanate were discovered around 1940(58) and were developed
during the last war, but information was restricted until
the end of the war. It has only been since about 1948
that barium titanate has been used for the production of
ultrasound.
Quartz crystals, occurring naturally, have several
disadvantages insofar as size and shape are concerned.
Large crystals that would be needed for industrial appli-
cation are nonexistent. The use of quartz mosaics is im-
practical because of natural variations in crystal imped-
ance and response that must be reckoned with before the
mosaic can operate properly. Quartz also has the disadvan-
tage of requiring high driving voltages to obtain rela-
tively small mechanical displacements ( 5 8  Although the
efficiency of energy transformation is high and the actual
power consumption may be relatively low, the necessity of
voltages of 10 4 to 105 volts is a serious drawback. The
great advantage of the quartz crystal is that it can pro-
duce very high acoustic intensities without shattering(55)
Intensities of the order of 2000 watts per sq.cm. are
possible, and as will be seen later in the section on
experimental results, these intensities are far above any-
thing used in experimental work. The limitation is
t Ii
clearly one of high applied voltages. Practically speaking,
one is forced to conclude that quartz crystals will be use-
ful for laboratory work, but that the limitation mentioned
above restricts them from use in industrial applications.
Barium titanate, on the other hand, gives quite a
different picture - almost exactly the opposite of quartz.
The mechanical strain, that is, the distortion of the crys-
tal, per unit of electrical field strength can be as much
as 80 times as high in barium titanate as it is in quartz(5 8 )
However, because of its low rate of heat dissipation, barium
titanate ceramics cannot be expected to produce much more
than 3 watts per sq.cm. unless some sort of forced cooling
is employed, as is usually the case. Under conditions of
forced cooling with extremely thin ceramics, it should be
possible to obtain approximately 100 watts per sq. cm.
The greatest advantage of the titanate ceramics is
that it may be fabricated in a variety of forms such as
spheres, bowls, tubes, and plates. Since the piezoelectric
property of the ceramic depends on the electrically induced
polarization of the molecules, the fabricated ceramic may
be polarized in any convenient direction (usually perpen-
dicular to the thickness of the crystal) to achieve the de-
sired result. As an indication of the lower voltages neces-
sary to drive the crystal, one generating unit requires only
50 volts across the crystal( . Because of the poor heat
_ II~IL~WUIII~C
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transfer characteristics large single crystals are imprac-
tical, but mosaics of the order of 2 feet in diameter have
been built whenever it has been found necessary to deliver
a large amount of acoustic energy. Because the electro-
mechanical properties of barium titanate are dependent on
the polarizing current, production of properly tuned mo-
saics with matching impedances across all the elements is
possible.
One must conclude that there are definite promises
of industrial applicability for barium titanate crystals,
but that these promises are yet to be developed fully.
Since the history of these ceramic elements is not very
long, and the past developments have occurred rapidly, one
might expect new developments within a very short time.
Magnetostriction generators represent a second type
of liquid-borne sound generator, operating in the lower
frequency ranges - most often in the sonic range below 18
kilocycles although some generators with freqxencies as
high as 60 kilocycles have been used (1 2). Magnetostric-
tion generators were used in the earlier days of ultra-
sonic research but have since been supplanted by crystal
oscillators. However, they have remained popular in many
instances because there is the feeling that the power out-
put of this type of generator is not so limited as that of
the crystal generator, in particular the quartz crystal
generator.
The principle behind the operation of the maganete-
striction generator is simple in its general aspect. Cer-
tain types of metals, notably nickel and annealed cobalt,
when brought into a magnetic field, experience an expansion
or contraction depending on the past history of the metal.
If the magnetic field is reversed, the strain of the metal
reverses, and it contracts if it had previously expanded.
As in the case of the crystal vibrators, the dimensions of
the metal determine its resonant frequency to a certain ex-
tent, and this in turn determines the frequency of the
alternating current producing the magnetic field. The am-
plitude of vibration of the rod, which determines the
amount of power that can be delivered, is limited by the
elastic modulus of the metal. When this is exceeded, the
metal disintegrates and the generator is destroyed.
In practice, metal rods are usually made of lami-
nated nickel sheets to reduce the heating caused by the
alternate expansion and contraction. The temperature of
the metal plays a very important part in determining the
frequency at which the system will resonate. Obviously,
if the temperature cannot be controlled, it is impossible
to keep the magnetostrictive rod in tune with the elec-
trical driving circuit. Generally speaking, the laminated
rods are capped with metal diaphragms which further in-
crease the available power output of the rod. The linear
displacement of the rod is limited by the elastic modulus,
_ ~ ~ i m__L _ _ I i
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but the volume displacement may be very large even with
small linear displacements if the diaphragm on the end of
the rod is sufficiently large. This is one of the major
reasons for the claim that the magnetostriction generator
can deliver more power than crystal generators. The use
of ceramic mosaics, however, offsets this consideration to
a certain extent.
Because the modulus of elasticity and the density
of the metal, as well as the metallic dimensions, determine
the resonant frequency, magnetostrictive generators are
confined to the lower portion of the acoustic spectrum.
This is a definite disadvantage. As will be pointed out
later, almost all of the effects of sound waves that have
been observed thus far have been attributed to the high
intensity of vibration rather than the particular fre-
quency. Since, by definition, ultrasonic vibrations do
not stimulate the human ear, the use of high intensity vi-
brations in the ultrasonic range poses no discomfort prob-
lem. However, when the vibrations are in the sonic range,
it is only with discomfort and strained tolerance that
workers can be in the vicinity of an operating generator.
As a matter of fact, one generator that was once proposed
for use in the milk industry was equipped with a heavy
steel shell to help deaden the sound intensity. Almost
half of the cost of the unit was tied up in the cost of
the steel shell.
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Magnetostriction generators are simple in construe-
tion and are relatively inexpensive. The output of a mag-
netostrictive apparatus can be adjusted so that it will be
higher than the output from any single crystal, but the
necessary low frequency range of the generator is a de-
cided deterrence, especially in industrial applications
where large amounts of high intensity sound are necessary.
The only generator used with any marked degree of
success for the generation of air-borne sound is the high
frequency siren. As a matter of fact, the high frequency
siren is the only acoustic generator which has found in-
dustrial use in processing operations, although some crys-
tal generators have been used in quality control work in
order to make continuous viscosity determinations on prod-
uots such as catsup or oils. Some of these applications
will be indicated in the following section.
Because of the poor sound transfer characteristics
between liquids (or solids) and gases, the high frequency
siren is restricted to sound generation and application
in a gaseous medium, although a method has been suggested
by Horsley(52) for treating liquids in thin laminae. This
method, however, applies for only certain specific effects
which are not usually considered important insofar as in-
dustrial application is concerned.
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A typical high frequency siren has been described
in some detail by Allen and Rudnick (2) , and several fig-
ures from this paper are included below. From the sketch
in Figure 1 the principle behind the operation is made
quite clear. Low pressure air (about 5 psi) is led to the
siren through the air inlet. After entering the annular
chamber, the air leaves the siren through ports which are
alternately opened and closed by rotating slits in the
rotor periphery, cut to match the ports in the stator. In
this fashion a pulsating flow of air is produced, thus
generating sound. The output of the siren is governed by
the rate of flow of air through the siren. The frequency
at which the siren operates is variable, but is dependent
on the speed of the rotor which controls the number of
times per second that the ports are opened and closed.
The major advantage of the high frequency siren
lies in the large amount of power that it can deliver.
Its major 4isadvantage lies in the fact that it is a gas
generator not applicable to proessing problems involving
liquids. For industrial problems involving aerosols,
mists, or smokes the high frequency siren has already
found numerous industrial applications.
The above three general methods of sound generation
are by far the most popular and probably represent about
95 per cent of all the sound generators in existence today.
I _
High Frequency Siren
Section through Siren
Assembled Siren
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FIGURE 1
Rotor
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However, new methods for the productica of ultrasound are
being devised continually. For instance, a method has been
suggested for the production of acoustic vibrations by the
introduction of superheated steam into water through a cap-
illary nozzle. The collapse of the superheated steam bub-
bles produces intense vibrations in the vicinity of the
nozzle( 1 1 5 ). No further information is available about this
particular method except that it has been proposed.
Another method that has been developed within the last year
is illustrated in Figure 2. The prism mounted in front of
FIGURE 2
HYDRAULIC ULTRASONIC GENERATOR
STAIN LESS STE LHIGH VELOCITY JET PRISM MOUNTED AT
VIBRATIONAL NODES
the nozzle is supported at the two vibrational nodes.
Under these circumstances the impingement of a high veloc-
ity liquid stream causes both ends of the prism to vibrate
and generate intense liquid-borne sound waves ( 5 5 . An ex-
perimental model built within the last few months is now
being tested.
One cannot help but realize the rapidity with
which the ultrasonic equipment picture is changing. As
_ __~~D i_ __
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has been pointed out earlier, ultrasound is a relatively
young field. New applications of ultrasound, being pro-
posed every day, are stimulating manufacturers to more
rapid developments and improvements. All of this makes
predictions of application possibilities extremely diffi-
cult. Air-borne sound is already established as an indus-
trial tool. It only remains for a comparable development
in the field of liquid-borne sound to bring to fruition
the many researches on possible applications of ultrasound.
Ultrasonic Applications
Although there are at present only a few instances
where ultrasound has been used on a plant scale basis,
there are numerous application possibilities that await
the refinement in generation technique as indicated in the
first chapter. Other successful applications have been
concerned with the use of laboratory generating equipment
in the study of molecular properties or bacterial cell
structure. Still other applications have been suggested
but have not been studied as yet, so there is no knowledge
as to the feasibility of utilizing ultrasound. One cannot
help but be impressed with the apparent versatility, the
universality, of ultrasound. However, as pointed out by
Bradfield(l1) most all of the applications for ultrasonic
vibrations, being independent to a great extent of the
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frequency of vibration, are attributable either to the ac-
celeration forces of the sound wave or to the cavitation
which is Inseparable from high intensity, liquid-borne
sound.
As mentioned previously, the widest range of indus-
trial application thus far is credited to the high fre-
quency siren. In the field of aerosol agglomeration
ultrasound has already found important application. In
this field ultrasonic vibrations are used for the agglom-
eration of mists and dusts that could not be removed by
any other means. Danser(2 8) points out that the effi-
ciency of sonic collecting systems may be as much as five
times as great as special high velocity cyclone separators
when the particle size approaches two microns. Porter (89)
has described numerous installations of sonic agglomerat-
ing systems, the first installation being in Texas. It
was desired to increase the per cent recovery of carbon
black from the combustion of natural gas. A high frequency
siren was installed to increase the collection efficiency
to 96 per cent.
Other installations of this type have been provided
to agglomerate sulfuric acid fumes in exhaust stacks. In
Maine a sonic system was installed to recover soda ash
from stack gases with a flow of 70,000 cubic feet per min-
ute. At a Naval Air Station in California sonic collection
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systems were installed experimentally to help clear up fog
over the airport by coagulating the mist particles and
converting them to rain drops.
One soap manufacturer utilized high intensity sound
to speed up the spray drying of powdered soap. The soap,
which was sprayed from the top of a tower, was exposed to
more drying air per second as the sound vibrated the soap
particles.
Sonic and ultrasonic vibrations were used success-
fully in a large number of laboratory investigations
wherein the acoustic vibrations were used as a tool to aid
in the research. Mudd 78) in his investigations of the
bacterial cell wall used a magnetostrictive generator to
rupture the wall and release the cellular contents. It
was then possible to investigate the membrane without
interference from the protoplasm. Chambers and Flosdorf(21)
reported the use of sonic vibrations to rupture the cell
wall in order to extract certain labile proteins that could
not be obtained easily in any other fashion. Stumpf and
his associates(10 7 )used ultrasound to rupture the cell wall
in order to extract certain intracellular enzymes. Bird
and Lion (0) reported the use of a magnetostriction gener-
ator for the disintegration of tissue and other organic
matter in preparation for study under the electron micro-
scope.
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In the field of medicine ultrasound found wide ap-
plication, both as a diagnostic tool and as a clinical
technique. Barium titanate mosaics are now being developed
that will aid in the determination of brain tumors by map-
ping the ventricular system. Since the attenuation of
sound is different in the liquid filled ventricles than in
the solid tissue of the brain, careful transmission tech-
niques make it possible to determine the location of the
ventricles and from this determine the possible presence of
brain tumors ( 5 6) . Attempts were made to detect the pres-
ence of gallstones and to record the periodic changes in
the volume of the heart (56). Ultrasound was also used in
diathermy techniques. Use of focussed vibrations permitted
transmission through the skin and outer tissues with no
effect, while still producing extensive heating effects in
the bone ( 5 7 ) .
Sonic and ultrasonic vibrations were used exten-
sively in the study of matter in the molecular state.
Weissler(118 )described the use of weak ultrasonics to de-
termine molecular weight and molecular volume through the
Van der Waals equation. He also described a method for
the determination of the adiabatic compressibility and
ratio of specific heats of gases through the use of in-
tense ultrasound. Hubbard described a number of uses
for ultrasound in the study of various properties of gases
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and liquids, including measurements of dielectric constants
of extremely small samples of gas, and gaseous and liquid
absorption coefficients. From a consideration of some of
these factors Hubbard pointed out that it was possible to
make various conclusions concerning the molecular struc-
ture of the gases as well as the vibrational modes of the
molecules. Weissler(119)used ultrasonic vibrations in the
determination of the mechanism of the reaction between car-
bon tetrachloride and potassium iodide.
Ultrasonic receivers and transmitters were used to
locate flaws and cracks in large pieces of inaccessible
metal such as the axles of locomotive wheels. The reflec-
tion of the sound beam from a crack or flaw in the axle was
picked up on the receiver and translated into a determina-
tion of the actual location of the flaw. Carlin (20 ) de-
scribed numerous applications of this sort for ultrasound,
including the measurement of the thickness of pieces of
metal when only one side of the piece is accessible.
Equipment necessary to make this sort of determination is
commercially available and was used inh limited' applications.
Instruments are also commercially available for the
determination of the viscosity of liquids by ultrasound.
The absorption of the sound wave is dependent on the ease
with which the molecules can move relative to one another.
This, of course, determines the viscosity of the liquid
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also. In several eases the instruments have been used in
industry as process control tools.
Not all of the possible applications of ultrasound
have been used successfully thus far. In some cases pro-
posed installations await the construction of better trans-
mission facilities. In other cases the economics of the
situation does not warrant conversion to a sonic system.
In this respect considerable research has been con-
ducted on the effect of sonic and ultrasonic vibrations on
milk and milk products. Chambers and Gaines( 22) were one
of the first to report on the sonoration of milk samples.
They reported 80 to 100 per cent decreases in the bacterial
content and intimated that there was probably some homoge-
nization of the milk. Later Kasahara et al( 61,62) reported
that the sonoration of milk resulted in a decrease in the
activity of certain enzymes, specifically peroxidase, re-
ductase, and amylase. They also reported that oxidation
caused a complete loss of vitamin C from the milk and that
homogenization resulted in a slight decrease in the cream
layer. Subsequently, Chambers (unpublished data) found that
plant scale operation with low frequency high intensity
sound waves did not yield satisfactory results and instru-
mentation problems soon brought an end to the attempted
application. Recently the problem was reopened and
attempts are now being made to use barium titanate
~PI
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generators to reduce the bacterial numbers present in the
milk and thus improve the keeping qualities.
Wallace and his coworkers(1 16 )investigated the vari-
ous eytogenetic changes that take place when the root tips
of various plants are placed in the ultrasonic beam.
Plants so treated experienced various mutations after sev-
eral generations and in some cases yielded more abundant
flowers or fruit. The results of such treatment have not
been controllable enough to warrant commercial application
thus far.
The effect of ultrasound on microorganisms repre-
sents a large field. The results of work on this aspect
will be discussed in the following section dealing with
previous experimental work incident to the subject of this
thesis.
In the field of chemistry and chemical engineering
ultrasound has been exceedingly promising. Weissler (120)
investigated the depolymerization caused by ultrasonic
vibrations. Apparently the high mechanical stresses re-
sulting from the associated cavitation (to be described
later) actually rupture long chain molecules, thus caus-
ing depolymerization. Sollner(l02)pointed out a large
number of applications of ultrasound to colloidal chemis-
try. Some of these included the peptization of gels and
gel-like structures, decrease in the viscosity of gelatin
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and agar solutions, stimulation of crystallization, dis-
persion of solids of moderate cohesive strength (mica,
gypsum, sulfur, graphite, etc.) in liquids in the form of
colloidal suspensions, and dispersion of immiscible metals
such as lead and aluminum. Sollner was careful to point
out that almost all of the effects enumerated above can
probably be attributed to the effects of cavitation forma-
tion associated with the high intensity sound wave.
The coagulation effects of ultrasound have been in-
vestigated extensively(4 8 ,103,104,112). In a few cases suc-
cess was reported but in most instances only partial suc-
cess was encountered. From the standpoint of the coagula-
tion of naturally occurring suspensions, Thompson(112)
pointed out that ultrasound increased the initial rate of
hindered settling by approximately 500 per cent, but that
over a long time period there was no essential difference
in the characteristics of the sediment from control and
sonorated samples. Sollner and Bondy(104)reported success
in the agglomeration of colloidal dispersions, but in this
particular case the end result was an agglomeration of
particles at regular intervals in a long narrow tube.
Subsequent sedimentation was not possible.
Aside from the investigations of possible applica-
tions of ultrasound that have been mentioned above, there
are numerous proposals for the utilization of high
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intensity acoustic energy that have either not received
enthusiastic support or have not been investigated at all.
In these particular cases, the proposals have either been
for the adaptation of laboratory techniques to plant scale
operations or for applications which should be feasible
theoretically.
A proposal was advanced that ultrasonic vibrations
might be used in conjunction with the lead soldering of
aluminum. This proposal originated from the fact that lab-
oratory investigations mentioned previously showed that so-
lution of lead in aluminum was possible with the aid of
ultrasound. Another proposal involved the use of ultra-
sound to aid in the opening of oysters. The consideration
was that the vibrations will tend to relax the muscles of
the oyster and allow the two shells to be pried apart
easily. Because of some of the physiological properties
of air-borne ultrasound the use of high frequency sirens
was suggested for the dispersal of mobs. At the proper
intensities the individual has a vague feeling of uneasi-
ness and a desire to be away from the particular zone of
vibration. This effect has not been investigated tho-
roughly but has been reported in passing( 3 5 ). For a simi-
lar reason sirens were suggested as a method of driving
pigeons and other undesirable birds away from public build-
ings.
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Not the least of all the proposals which have been
made is the suggestion that ultrasonic vibrations should
be applicable to problems encountered in the field of san-
itary engineering. The first suggestion of this sort was
made by Beuthe and his associates (8) who were investigat-
ing the possibilities of removing hardness from water sup-
plies. These investigators found that it was possible to
reduce the carbonate hardness, but that the noncarbonate
hardness was hardly changed. They also reported that
ultrasound did not appear to have any coagulating proper-
ties. The application of ultrasound to sanitary engineer-
ing practices has been suggested several times recently
both in this country and in England(2 6 ,79292,93). Beyond
the fact that the proposal was made, it appears that no
investigations of any sort resulted. It was not until
this past year that any articles dealing primarily with
the application of ultrasound to sanitary engineering ap-
peared. Horwood et al(53) reported on some of the bac-
terial effects of ultrasound but did not consider the ap-
plication of laboratory information to full-scale opera-
tions. More recently Coleman and Gotaas (27), drawing
primarily from a literature survey, suggested possible
applications for settling solids, dewatering and handling
sludge, improving vacuum filter operation, and disinfect-
ing sewage.
_ ____ _1 _
29
It would seem that, if application possibilities do
exist for ultrasound in the field of sanitary engineering,
they can only be evaluated properly by sufficient basic
laboratory investigations. These must be interpreted
properly in terms of the various factors encountered in
treatment plant operation. To this extent, this thesis
represents one approach to the problem of sanitary engineer-
ing application of ultrasound. Although the equipment is
not presently available to allow immediate application of
the basic principles described in the following sections,
the reader should be cognizant of the fact that improved
generating techniques are being developed rapidly. It is
therefore important that the sanitary engineer should be
aware of the possibilities and probabilities of ultrasonic
vibrations. With the proper basic information at hand, the
sanitary engineer will be prepared for technological ad-
vances as soon as equipment is available.
B. Objectives and Scope of Investigation
As indicated in the previous section, the conjecture
on the application of ultrasound to sanitary engineering
practices has touched on four or five different possibili-
ties. Ultrasonic vibrations have been mentioned with re-
spect to their ability to alter the chemical composition
of water supplies (carbonate hardness), affect the physical
L_ 1_F
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Characteristics of sewage (solids removal and sludge de-
watering), and alter the biological and bacteriological
characteristics of water and sewage. Based on conjecture
alone one might picture a complete water supply installa-
tion or sewage treatment plant operating entirely on ultra-
sonic vibrations. While it is undeniably true that ultra-
sound kills bacteria, there are many mitigating factors
that must be considered engineering-wise before the economy
or practicability of ultrasonic disinfection can be deter-
mined. It can be shown time and again that a sound wave
will tend to aggregate particles in the amplitude nodes of
a standing wave. The problem is to transport the aggre-
gated particles from the standing wave pattern in the
liquid suspending medium to the bottom of a sedimentation
tank.
Laboratory experiments have shown that under certain
particular circumstances surmised ultrasonic applications
may be realized. However, past experimentation has not al-
ways probed all the variables that may affect a given situ-
ation. This is particularly true of the proposed applica-
tions of ultrasound to the problems encountered in sanitary
engineering. Therefore, it seems necessary to undertake a
laboratory study of the various mitigating factors en-
countered in the operation of water supply and sewage
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treatment plants in order to evaluate the application pos-
sibilities of ultrasound.
Since the field of possible application as mentioned
above is very wide, it is necessary to select some particu-
lar phase of the subject for detailed study if sufficient
coherent data are to be obtained. Principally because the
nature of the problem appealed to the author, the bacteri-
ological aspect of the ultrasonic applications has been se-
lected as the subject of this thesis. It should be pointed
out that this does not mean that the other fields of appli-
cation are any less important or would yield lesser re-
sults. Certainly basic laboratory experiments of the same
nature should be carried out in order that the over-all
picture may be evaluated. This thesis will confine itself
to the bacteriological nature of the problem, dwelling on
the physical and chemical aspects only insofar as they may
bear on the bacteriological end result.
Aside from the fact that empirical results not in-
terpreted are only applicable to the particular circum-
stances under which they were obtained, a proper under-
standing of the basic reaction mechanism is desirable from
the standpoint that it allows the prediction of expected
results in unusual or unexpected situations. The primary
problem with which this thesis is concerned is the determi-
nation of a plausible mechanism for the ultrasonic
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destruction of bacteria which will explain the observed
laboratory results and allow an interpretation of these
results into predicted field results. Obviously, it is
not possible to describe a single mechanism that will ac-
count for the destructive effects of ultrasound on all
living things or even on all microorganisms because of the
inherent complexity of the biological nature of things.
Therefore, this thesis has been limited to the actual prob-
lem at hand; the determination of a possible mechanism by
which water-borne bacteria are destroyed by ultrasonic vi-
brations.
C. Previous Work
Demonstration of Lethal Effect
The opening wedge in the determination of the bio-
logical, chemical, and physical effects of ultrasound was
the pioneer work of Wood and Loomis(126) In the field of
biology these investigators found that paramecia and fila-
ments of spirogyra were destroyed by ultrasonic vibrations
but that bacteria "are apparently able to survive because
of their small size." Although subsequent investigations
showed that Wood and Loomis were wrong in their interpre-
tation of the resistance of bacteria, the paper served
the purpose of pointing out the lethal action of ultra-
sound for certain biological species.
Since the time of Wood and Loomis a large number of
investigators showed that ultrasound has a lethal effect
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on almost all micro- as well as macroorganisms. Fritz-
Niggli and Boni (37 ) and Allen, Frings and Rudnick( 3 )
demonstrated that ultrasound, both water-borne and air-
borne, is extremely effective against higher forms such as
mosquito larvae and fly larvae and eggs. The exposure
time required for the destruction of these organisms was
reported in both cases to be of the order of five to ten
seconds.
The destruction of fragile organisms such as para-
mecium has been reported in several instances following
the work of Wood and Loomis (126) . Lepeshkin and Gold-
man (70) have likewise reported the destruction of fila-
ments of spirogyra and of elodea leaf.
A large number of investigators have observed the
lethal effect of ultrasound on yeast cells, although the
relative resistance of these cells to ultrasound is not
quite clear. In general, it seems that yeast cells are
deatroyed more rapidly than bacterial cells ( 6 ,40 ,70,91)
but nevertheless a dissenting opinion does exist
The number of investigators reporting the lethal
effect of ultrasound on bacteria is too numerous to list
although a few papers should be mentioned. Soon after
Wood and Loomis stated that bacteria were not destroyed by
ultrasound, Harvey and Loomis(47) using luminescent
Bacillus fisheri, showed by the loss of light from the
bacterial suspension that ultrasound did indeed possess
_ 
_i ___ _I
bactericidal effects. Williams and Gaines(125 )were the
first to report the bactericidal effects on E. coli, the
destruction of which was determined by the standard nutri-
ent agar plate count. Takeahi(11 0 ) demonstrated that the
vibrio of cholera was extremely susceptible to ultrasonic
vibrations, and Shropshire(1 00 ) showed that a large variety
of bacteria, although not uniformly susceptible to ultra-
sound, are eventually destroyed by acoustic energy. The
one discordant report in the whole picture, which unfor-
tunately has been given too much emphasis, is that of Paic
and his associates (83) who found that no bacteria were de-
stroyed by ultrasound even after two hours of treatment.
Careful perusal of this latter article and a previous com-
panion article will indicate that the energy loss from
the generator to the sample was probably excessive, and
although the authors have no idea how much energy they
were delivering to the sample, it is apparent that they
felt that it was insufficient.
In the same articles quoted above, Paic, et al, re-
ported that the smaller microorganisms such as herpes
virus were equally resistant to ultrasound. In this con-
clusion, Paic is joined by several other investigators.
Hopwood, et al, (51)reported that treatment of vaccinia
virus not only did not inactivate the virus but that it
actually increased the infective titre. Likewise, Soherp
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and Chambers (9 7 ) found that the viruses of several diseases,
including poliomyelitis and influenza, were entirely unaf-
fected by ultrasonic treatment for 60 minutes. However,
two years later, Rivers, Smadel, and Chambers(94 ) reported
the inactivation of the elementary bodies of vaccinia virus.
No explanation was attempted for the previous reported fail-
ure of ultrasound to affect viruses. Some years later
Kasahara(60 ) reported the inactivation of a virus causing
experimental poliomyelitis in monkeys. After considering
the above reports on the susceptibility of viruses to
ultrasound, one comes to the conclusion that no coherent
trend has been evidenced in the past literature. In two
instances directly opposite results have been reported by
different investigators. The fact appears obvious that the
mechanism by which microorganisms are destroyed by ultra-
sound is far from straightforward.
Various phages have been reported to be susceptible
to ultrasound(4,68 ) although again Paic, et al, found that
phage was not affected by ultrasonic vibrations. Suke-
jiro(108) reported that ultrasonically prepared vaccines
were not as effective as formol vaccines. He pointed out
that the longer the vaccine was exposed to ultrasound the
less its prophylactic value.
Effect of Physical Variables on Lethal Action
Many investigators have been interested not only in
the ability of ultrasonic vibrations to destroy particular
microorganisms, but also in some of the physical aspects
_ 1PI(-- ---
36
associated with the biological phenomena of ultrasound.
Because of the absorption of sound energy by the liquid
medium through which it is passing, the temperature of the
medium always increases. Biancani and Dognon(9 ) suggested
that, because the temperature of various lipid materials
such as stopcock grease, paraffin, and egg yolk rose appre-
ciably when subjected to ultrasound, the observed biological
effects might be due to heating of the lipid material within
or around the cells. Because of the lethal effect of temp-
erature on microorganisms, most of the investigators have
not allowed the temperature to rise too high. Generally,
temperature control was practiced by intermittent exposures
to ultrasound with cooling periods between exposures. It
will be pointed out later that the effect of the ambient
temperature is indeed important, not only from the stand-
point of the lethal effect, but also from a consideration
of the effect of temperature on the production of cavita-
tion, the phenomenon associated with ultrasound of high
intensity and generally conceded to be responsible for a
majority of the observed effects.
In the past investigators were apparently unaware
of the purely physical effect of temperature. Being cog-
nizant of the biological effect, they prevented the temper-
ature from approaching the thermal death temperature. Thus
Harvey and Loomis reported that the temperature varied
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between 1.5*C and 21.5OC. Beckwith and Weaver stated
that the ambient temperature never exceeded 3900. Takahashi
and Christensen ( 1 0 9 ) reported that the temperature varied
between 240C and 35°0. Dognon and Biancani ( 2 9 ) , realizing
that there might be a temperature effect even below the
lethal temperature, investigated the range between 0 and
350 C. They expressed the thought that they might find an
effect due to a change in the viscosity of the protoplasm,
but results obtained were negative. In this respect it
should be pointed out that Dognon and Biaani must have
expected markedly different killing rates within the temp-
erature range explored because the lethal exposure time for
the organism with which they were working (paramecium) is
of the order of two or three minutes.
Another important physical variant that has been in-
vestigated by numerous workers is the frequency of ultra-
sonic vibrations. Probably one of the major reasons re-
searchers have felt that the vibrational frequency should
have a bearing on the effectiveness of ultrasonic sterili-
zation is the fact that the frequency of ultraviolet irra-
diation does have an important relation to the lethal ac-
tion.
Chambers and Gaines(22) were probably the first to
indicate that the frequency of vibration might have a bear-
ing on the destruction rate. They observed that sonic
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treatment was less rapid in its hemolytic effect than was
ultrasonic treatment at somewhat higher frequencies.
Takeshi(llO)stated in the conclusion of his paper that
"the time required for the destruction of bacteria is in
inverse proportion to the frequency with identical energy."
Careful observation of the data presented in the body of
the paper showed this to be a false conclusion.
In his bacteriology text Frobisher (38 ) stated that
bacteria, because of their small size, were not readily
disrupted by sonic vibrations, but that vibrations of one
particular tone (9300 cycles per second) were lethal to
bacteria. From this fact he concluded, "The sonic or
supersonic waves must be of such pitch that the cells to
be disrupted vibrate in sympathy or harmony with them."
It should be pointed out that Frobisher's conclusion was
his own, based upon one reference to the literature, and
was not substantiated by any laboratory results.
Dognon and Biancani ( 2 9 ) stated that the frequency
of vibration was an important consideration in the destruc-
tion of Elodea danadensis, but in this case the authors
considered that the formation of a standing wave pattern
was essential. For a given transmission distance between
the crystal generator and the elodea leaf the vibrational
frequency has an important bearing on the formation of
standing wave patterns. Generally speaking, the formation
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of standing wave patterns is of no concern when the organ-
isms being sonorated are of small size (less than 0.1 im).
Dognon and Biancani are the only investigators to attach
any significance to standing wave patterns even with
larger organisms.
The evidence above notwithstanding, the general con-
sensus of opinion seems to be that the vibrational fre-
quency has no significance in determining the susceptibil-
ity of microorganisms to ultrasound. Johnson(59) stated
that frequencies between 750 and 1000 kilocycles did not
seem to influence the results obtained. He concluded that
sound intensity was the important consideration. Likewise,
Stumpf, et al,(10 7) pointed out that the degree of disinte-
gration was independent of frequency and dependent only upon
the acoustic intensity. Shropshire(100)stated that the op-
timum frequency only represents the frequency at which the
generator operates most efficiently and that it "is in no
way associated with the dimensions of the organism or its
species." Lepeshkin and Goldman(70) observed that no dif-
ferences existed at the frequencies of 400, 700, and 1000
kilocycles. They placed larger organisms such as spiro-
gyra and chick erythrocytes under microscopic observation
during treatment and watched the process of cell destruc-
tion.
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From the quality of the evidence presented on both
sides of the picture, it would seem rather conclusive that
the frequency of vibration was not an important factor in
determining the lethal effect of ultrasound. In the section
on theoretical considerations this point will be raised
again, and it will be shown there that the killing rate
should be independent of the frequency up to a certain limit
which is determined aon the basis of molecular inertia and
not on cell size or shape.
Other physical variables which have been investigated
extensively are the shape and material of the sample con-
tainer, as well as the size of the sample. Thompson(ll2)re-
ported a complete investigation of the effect of the shape
of the sample container and the material of which it was
made. He concluded that the best container was one with a
flat bottom. The bottom he employed was 0.001 inch nickel.
Stumpf, et al,(l07)reported briefly that round-bottomed
containers should not be used because of the consequent
large energy losses. Beckwith and Weaver (6) stated that
they had obtained optimum results with a heavy glass cyl-
inder sealed at the bottom with cellophane. Samples were
placed in the container to a depth of 2.5 centimeters.
Hamre 43)presented graphs to show that cellophane-bottomed
containers were much more desirable than glass-bottomed
containers. She also showed that a sample size of 50 ml
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gave greatly improved results over a sample size of 10 ml.
As a possible explanation for this she stated that, while
the smaller sample did not heat appreciably, the tempera-
ture in the larger sample rose from 130C to 48 0C in twenty
minutes' It will be pointed out later in this thesis that
the change in temperature reported by Hamre would be more
than enough to offset the effect due to changing sample
size.
The most important physical phenomenon to receive
the attention of research workers in the past was cavita-
tion. The complete definition and theory of cavitation
will be explained in a later secticn. Suffice it to say
here that cavitation implies the formation and collapse of
cavities within the liquid structure. Cavities form when
the pressure in the liquid is very low, approaching the
vapor pressure. Cavities also form when the liquid is
placed under tension. Generally speaking, the cavities so
formed result from the growth of small gas nuclei that are
ever-present in the liquid unless special care is taken to
remove them.
As sound waves pass through a liquid, a given point
in the body of the liquid experiences alternately low and
high compressive stresses. If the intensity of the sound
waves is great enough the liquid may actually be placed
under tension. It will be demonstrated later that the
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application of excess hydrostatic pressure to the sample
may completely inhibit cavitation by raising the reference
axis of the sound wave so much that tensile stresses or
even low compressive stresses are never reached.
The occurrence of cavitation as a phenomenon closely
associated with high intensity sound or ultrasound has been
recognized by many investigators(33,71,101,105,120). Like-
wise, the effect of cavitation inhibition on the lethal ac-
tion of ultrasound has been observed by many. Johnson(59)
reported experiments in which he varied the hydrostatic
excess pressure from 10 to 60 psi. He stated that there
existed a sharp, reproducible pressure above which there
was no lethal effect. The critical pressure was found to
vary with the intensity of sonoration. Chambers and Gaines(22)
found that hemolysis was prevented by the application
of high excess pressures. Harvey(45 ) reported similar
findings. Rouyer and Grabar (9 6 ) found that the application
of one atmosphere of excess pressure to the sample increased
the percentage of organisms surviving from 4 to 29 per cent.
Dognon and Biancani ( 2 9 ) stated that a pressure increase of
one half to one atmosphere caused all the effects previ-
ously observed to disappear.
The application of a vacuum to the sample also inhib-
its the lethal effect of ultrasound. This apparent anomaly
will be explained later, but it can be stated here that the
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violence of the collapse of cavities, which is influenced
by low pressure conditions, is an important factor in deter-
mining the effectiveness of ultrasonic vibrations. Various
workers(22 ' 4 5 ) reported the inhibition of the germicidal
properties of ultrasound by the application of a vacuum to
the sample. Rouyer and Grabar ( 96 ) indicated that the per-
centage of organisms surviving under these conditions is 97
per cent. They attributed the small apparent kill to count-
ing errors.
The nature of the gas dissolved in the water being
cavitated does not usually have any effect on the lethal ac-
tion. Rouyer and Grabar (96 ) presented the following table:
Dissolved Gas Exposure Time Per Cent Destroyed
Hydrogen 30 minutes 96. 0
Nitrogen 30 minutes 97.8
Argon 30 minutes 96. 4
Oxygen 30 minutes 96.9
Air 30 minutes 97.3
Harvey reported similar findings with air, hydrogen, and
nitrogen but found there was no bacterial destruction if the
dissolved gas were carbon dioxide. Liu and Yen( 7 2) showed
that the lethal action was most rapid when the water was
saturated with air. When the air was replaced with hydro-
gen, they reported a large decrease in the percentage of or-
ganisms killed. They also demonstrated that there was no kill
~ ~C d~BUCY IIPL IC I
obtained when the water was gas free. The bacterial count
after 90 minutes' sonoration in gas free water was actually
higher than the count at the start of the treatment.
In direct contradiction to some of the above re-
ports Chambers and Gaines(22) reported that under special
treatment conditions positive results were obtained even
when the liquid was evacuated. Under these conditions,
which involved the application of very intense sound, they
concluded that the lethal effect was caused by tensions
and compressions in the liquid and that the evolution of
gas was unnecessary.
Another physical variant which has received much at-
tention is the presence of extraneous matter in the sample.
Beckwith and Weaver(6 ) were interested in the diminution
of the bacterial content of milk. They found that the
killing rate in milk was markedly less than that in pure
aqueous suspension and attributed the difference to the
presence of proteins in the milk. Carbohydrates and lipids
did not interfere. Dognon and Biancani (29) reported that
the addition of agar to test suspensions resulted in a de-
crease of the killing effect. The addition of salt (NaC1)
sometimes increased and sometimes decreased the killing
effect. They speculated that the explanation for this lay
in a modification of the protoplasm or of the cellular
membranes. Stanley(10 5 ) found that the presence of non-
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infectious juice from tobacco leaves increased the lethal
effect of ultrasound on tobacco mosaic virus. Thinking
that toxic materials might have resulted from the sonora-
tion of noninfectious juice, he added the treated juice to
an active, untreated virus and found that there was no le-
thal effect. Hamre(43) reported similarly that sonoration
of the suspending medium did not produce materials toxic
to the organisms. Rivers, et al, found that the pres-
ence of small amounts of rabbit serum prevented the inacti-
vation of vaccinia virus which was normally destroyed by
ultrasound.
Effect of Biological Variables on Lethal Action
Several biological variables have been investigated
to a limited extent in the past. These variables included
the age of the bacterial culture, complexity of cellular
structure, and condition of the cell wall.
Only two investigators have ever reported the ef-
fect of culture age on the lethal action of ultrasound.
It will be indicated later in the section on experimental
results that the age of the bacterial culture plays a
very important role in determining the ultrasonic killing
rate. Chambers and Gaines(22) found that an increase in
the culture age resulted in a decrease in the destruction
rate. They found that 5 to 14-day old cultures of E. coli
were more resistant to ultrasound than were 12 to 48-hour
cultures of the same organism. They reported that the
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initial rate of destruction was the same in all cases, but
that this rate soon decreased, the falling off being di-
rectly proportional to the culture age. Hamre(43) re-
ported that there was no significant difference in the mor-
tality of 6, 17, and 72-hour cultures of K. pneumoniae.
Several investigators have shown that the complexity
of the cell morphology has an important relation to the
susceptibility of the organism to ultrasound. Anderson and
his coworkers ( 4 ) found that there was a very definite cor-
relation between phage sensitivity to ultrasound and the
structural characteristics of the phages as observed under
the electron microscope. The phages most resistant to
ultrasonic destruction were characterized by spherical bod-
ies. The more susceptible phages were complex in structure,
usually having well defined heads and tails. Even among the
susceptible phages, those with the round heads were less
susceptible to lethal action than those with pointed heads.
Grabar and Rouyer (4 0 ) pointed out that bacterial cells with
the same general morphological characteristics experienced
approximately the same reduction in numbers. Shropshire ( 1 0 0 )
presented results which showed that spheial coccus forms
are usually more resistant to ultrasonic vibrations than
are rod-shaped bacillary forms. Chambers and Flosdorf(2 1 )
stated that Str. hemolyticus was killed at a ilower rate
than S. typhosa but did not comment on the possible effect
of morphology on the killing rate.
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The integrity of the cell wall plays a somewhat ob-
soure role in determining the susceptibility of the organ-
ism to ultrasonic destruction. Dognon and Biancani(2 9)
found that there could be complete mixing of the intracel-
lular contents with the conversion of protoplasm from a
gel to a sol and back to a gel without permanently injur-
ing the cell. As long as the cell wall remained intact
the cell survived, but as soon as the cell wall was rup-
tured, death ensued. Lepeshkin and Goldman ( 7 0 ) obtained
photomicrographs of the destruction of larger organisms
such as elodea leaf and filaments of spirogyra. These
micrographs are reproduced in Figures 3 &4..There is no evi-
dence for the destruction of the cell wall in either of
the cases shown, yet the cells were killed by ultrasound.
Cell death appears to be caused by coagulation and commi-
nution of the cellular contents, with the cell wall invio-
late. Hamre43) presented electron micrographs of treated
and untreated cells of Saccharomeyes cerevisiae. These
micrographs are reproduced in Figure 5. The arrows (by
this author) indicate places at Whieh the cell wall was
ruptured. Close observation shows that in some cases the
intracellular contents were spilling out of the cell when
the preparation was mounted. Hamre did not present any
micrographs of dead yeast cells in which the cell wall
was not ruptured although this is not conclusive proof
that the cell wall must be ruptured before death occurs.
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48
Stages in the Ultrasonic Destruction of Elodea Leaf
(After Lepeshkin and Goldman)
- aIIIIIY
FIGURE 4 Stages in the Ultrasonic Destruction
of Filaments of Spirogyra
I~'?
(After Lepeshkin and Goldman)
FIGURE 5 - Ultrasonic Destruction of Yeast Cells
1,2 - Untreated Cells
(After Hamre-)
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It is interesting to note in passing that the in-
crease in bacterial numbers caused by the disruption of
clumps and the subsequent dispersion of the individual
cells throughout the medium was reported in several
cases(43,72) Dognon and Biancani(29) commented on a pos-
sible stimulative effect of ultrasound but concluded that
it was impossible to determine whether the results ob-
tained were caused by ultrasound or whether they were
merely statistical variations.
Proposed Lethal Mechanisms
The most important portion of the review of previ-
ous work, from the point of view of this thesis, is the
following section which deals with the various mechanisms
proposed to explain the biological effects of ultrasonic
vibrations. The mechanisms have been separated into five
general classifications as follows: oxidation, heating,
pressure shock, cell size-pressure gradient relationship,
and agitation.
It was mentioned above that most investigators
have been well aware of the occurrence of cavitation as a
direct result of the passage of high intensity sound
through a liquid medium. However, there is considerable
disagreement as to the mechanism by which cavitation af-
fects the cell. Some investigators have felt that the
lethal action is due to the production of oxidizing agents
according to the method proposed by Frenkel (34 ). Others
have felt that the collapse of the cavitation bubble is an
adiabatic process. Therefore, the high pressures resulting
from the collapse of the cavities must be associated with
extremely high local heating. Still others have concluded
that the cellular destruction is caused by the high pres-
sure shock waves formed during the collapse of the bubble.
Frenkel ( 3 4 ) and Bresler(27) indicated mechanisms by
which oxidants could be produced as a result of cavitation.
Polotskii ( 8 8 ) demonstrated the presence of 1.86 mg of hydro-
gen peroxide in 50 ml of sonorated water. He also noted in-
creases in the amount of nitrites and nitrates present in
the same sample. Liu and Wu( 7 1 ) stated that oxygen was di-
rectly activated under the influence of ultrasonic vibra-
tions provided cavitation was not inhibited. They stated
that, although no ozone was produced, the surfaces of the
cavitation bubbles were active with oxygen.
A consideration of the above factors has led a num-
ber of observers to conclude that the lethal action of
ultrasound was dependent on the production of oxidizing
agents with subsequent oxidation of the bacterial cell.
The most noted paper proposing oxidation as a mechanism
for cellular destruction was presented by Loiseleur in
1945 ( 7 3 ) . Loiseleur proposed the following representation
of the action taking place:
1) Ultrasound activates oxygen dissolved in the water.
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2) The activated oxygen oxidizes any acceptors that
it meets. In pure water there are only hydrogen
ions with which the activated oxygen can react,
forming hydrogen peroxide. In the bacterial cell
there are several acceptors which may undergo ele-
mentary damage.
3) The oxidation of the bacterium results in the for-
mation of points of weakened resistance which are
then ruptured by the shearing stresses resulting
from the passage of the sound wave through the
water.
Loiseleur further commented that, because the sigmoid
curve representing the disintegration of the bacterial cells
resembled the curve obtained for ultraviolet irradiation of
bacterial suspensions, one could make certain comparisons
between the mode of action of ultrasound and ultraviolet.
By an extension of this dubious reasoning he ccafirmed the
fact that initial activation of oxygen was necessary.
Johnson intimated that oxidation of the bacterial
cell was responsible for the lethal action of ultrasound.
He stated that oxidation takes place in the initial stage
of bubble formation before the bubbles were large enough to
be seen. He added that the lethal effect was caused mainly
by the expulsion of dissolved gases from the liquid.
Rivers, et al, ( 94 ) indicated that the mechanism by which
I
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viruses were inactivated was probably different from that
by which bacteria were killed. They reached this conclu-
sion principally because electron micrographs of inacti-
vated virus bodies showed that there was no apparent frag-
mentation. They believed that an oxidizing reaction must
have been involved in the death of the bodies. They found
that, although the hydrogen peroxide content of the treated
sample was less than 1 per cent of the amount necessary to
inactivate the virus, the total oxidizing ability of the
sample was of the proper order of magnitude.
There is as much literature available disproving the
hypothesis as there is favoring it. Williams and GaineJ 1 25)
foind in their work that there was no measurable hydrogen
peroxide present and concluded from this that the lethal
effect could not be caused by oxidation. Harvey (45 ) pointed
out that hemolysis could take place in the complete absence
of oxygen, and he concluded that oxidation could play no
part in the bactericidal effect of ultrasound. Grabar(4l)
in his discussion of Loiseleur's paper stated that cellu-
lar disruption pointed to mechanical killing mechanisms.
He indicated that, when oxygen was completely removed from
the sample, and when one atmosphere of inert gas was added
in its place, the same bacterial reduction was obtained.
Under these circumstances the oxygen required by Loiseleur's
hypothesis could not be essential to the mechanism, and
Loiseleur's proposed mechanism was invalidated.
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The suggestion that localized heating might be the
cause of the lethal action of ultrasonic vibrations has
been made several times. Heating has been attributed to
the adiabatic compression process mentioned above( 2121)or
energy absorption at interfaces. In general, a hypothesis
of this sort is extremely difficult to repudiate or sub-
stantiate because of the infinitesimal volume which is be-
ing heated. As mentioned above, Biancani and Dognon 9 )
speculated on the possibility that lipid-materials in the
cell might have high energy absorption characteristics
that would cause localized heating. Krasnikov(6 7 ) stated
flatly that the bactericidal effects of ultrasound vibra-
tions were not specific but were confined to heat effects
which resulted in the denaturation of the protein compo-
nents of the cell. He mentioned that cell death in a high
frequency sound field was more rapid than under comparable
conditions of thermal control and attributed this factor
to the activation of proteolytic enzymes. It is doubtful
that Krasnikov appreciated the degree to which localized
heating could cause the temperature to rise under the con-
ditions of adiabatic compression. Some workers (5 7 ) have
even gone so far as to suggest that the temperature might
rise well above the critical temperature of water vhich is
374°c
Frings and his associates ( 3 ' 3 6 ) concluded that heat-
ing was definitely responsible for the death of organisms
_
exposed to air-borne sound. Microthermocouples inserted
in critical locations within macroorganisms such as
beetles indicated that the temperature rise was sufficient
to explain the observed effects. However, they indicated
that this mechanism was only applicable to air-borne sound
and could not be applied to conditions of liquid-borne
sound where the phenomenon of cavitation affects the re-
sults obtained.
Without any explanation or substantiating data
Harvey(4 5 ) made the statement that the heating effects did
not have any bactericidal properties. Lepeshkin and Gold-
man(70 ) pointed out that their microscopic studies of the
process of cellular destruction led them to believe that
localized heating played no role in the death of the organ-
isms involved. The observed changes in the cell charac-
teristics when death was caused by heating were entirely
different from those caused by ultrasound.
Grabar(41) expressed the belief that since the cell
wall was perforated, the lethal action could only be ex-
plained on the basis of mechanical effects of cavitation
and not on the basis of oxidation or heating. Grabar and
Rouyer(48) stated briefly that the formation of gaseous
bubbles produced a brutal effect. Later Rouyer and
Grabar ( 7 3 ) considered that the actual formation of the
cavitation bubble results in lethal action. They considered
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an oversimplification of the forces acting during bubble
formation and stated that the pressure opposing bubble for-
mation could be taken equal to 2 where A was the surface
tension and R the radius of the bubble being formed. Con-
sidering that R must be very small (of the order of 1 mi-
cron), they concluded that the pressure opposing bubble
formation was very high, and that it was at this moment
that the shock wave with steep pressure front was formed.
They intimated that steep fronted pressure waves are re-
sponsible for the lethal action of ultrasound, but they
also admitted that the collapse of the cavitation bubble
involved pressure waves with peak values approaching sev-
eral hundred atmospheres. Dognon and Biancani (29) ex-
pressed a similar explanation for the lethal action when
they said, "The lethal effect is due to a rupture of the
cellular membrane by a chemical or physical effect pro-
duced by cavitation in the water in contact with the
cells." After discussing the possible locations of the
cavitation bubble with respect to the cell, they con-
cluded, "The birth of the cavitation bubble is a veritable
explosive phenomenon which is the point of departure of a
pressure wave of considerable amplitude. It is this pres-
sure wave which is responsible for the cellular explosion."
A great many investigators have pointed naively to
the fact that the sound wave in itself involved a rather
steep pressure gradient. They considered that the death
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of the organism might be caused by shear stresses set up
on the cell surface as a result of the differential pres-
sures exerted on the cell wall. This theoretical picture
is indicated in Figure 6. Wood and Loomis ( 1 2 6 ) in their
original article on the biological effects of ultrasound
stated that bacteria were apparently able to survive the
lethal action because of their small size. They con-
cluded that the fragmentation of larger bodies was caused
by the variation in magnitude and direction of forces ap-
plied to different parts of the surface. Chambers and
Gaines ( 2 2 ) felt that the hemolysis of red blood cells was
caused by a tearing of the tissues as a result of the
alternating compressions and rarefactions produced by the
vibrations in the surrounding water. Beckwith and
Weaver(6) expressed the belief that the death of yeast
and bacterial cells was caused by the pressure gradient
associated with the sound wave. Paic and his associ-
ates (82 ,83) indicated that one of the reasons for their
failure to kill bacteria by ultrasound was that the wave
length of the vibrations was too large for the elements
involved. For a given acoustic intensity, the pressure
gradient is inversely proportional to the wave length.
Therefore, Paic, et al, implied that the mechanism of the
lethal action depended on the relationship between the
steepness of the pressure gradient and the size of the
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organisms being treated. Grabar and Rouyer(4 0 ) commented
that the pressure gradient between loops and nodes might
exceed 7 or 8 atmospheres per half wave length. They
pointed out that with high frequency ultrasound some
observers concluded that the formation of a pressure gra-
dient was sufficient to cause the death of microorganisms.
The literature is equally full of papers which have
repudiated the idea expressed above. As early as 1929
Johnson ( 5 9 ) stated that the lethal effect of ultrasonic
vibrations was connected with the expulsion of dissolved
gases and that fragmentation due to mechanical stresses was
negligible. Dognon and Biancani(29) pointed out that the
possible lethal action caused by a pressure gradient across
the cell was independent of the occurrence of cavitation,
but, they stated, "There is no action without cavitation."
Loiseleur pointed out that even large cells 3 mierons
in length experienced a shear force of only 60 to 95 grams
and that shear in itself was insufficient to cause cellu-
lar disruption. Rouyer and Grabar (96 ) calculated the
shear force across a 3-micron bacterial cell to be only
about 30 grams when the acoustic intensity was approxi-
mately 6.8 watts/sq.cm. (vibrational frequency equal to
960 kilocycles)*. They concluded that this force was too
feeble to rupture the bacterial cell. Finally, Anderson,
*6.8 watts/sq.cm. is probably the upper limit of
acoustical intensity normally used in experimental
work.
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et al, indicated that if shearing forces were respon-
sible for the disruption of the cell, they could only be
shearing forces associated with the cavitation of the
liquid in which the cells were suspended.
Considerable speculation abounds in the literature
concerning the role of air bubbles and other extraneous
particles in the germicidal action of ultrasound. It was
pointed out by various investigators that the violent agi-
tation of particles caused by the passage of the sound
wave might well be expected to damage the cellular struc-
ture and kill the cell. Topley and Wilson(ll 4 )expressed
the feeling that the disruption of the cell was caused by
the violent agitation set up within the cell as a result
of the sound waves which are transmitted by rapid molecu-
lar oscillations. Johnson ( 5 9) suggested that, although the
formation of bubbles was accompanied by oxidation, their
presence in the liquid medium occasioned intense mechanical
agitations which were primarily responsible for the de-
structive effects. Williams and Gaines(12 )aspeculated that
the lethal effect was probably due to agitation within the
cell caused by the sound wave, but they pointed out that
comminution by the suspending medium could not be excluded.
Harvey(45) considered the possibility of dissolved gases
within the cell being released by the sound wave and sub-
sequently rupturing the cell wall. He indicated that this
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consideration was not very plausible, and that he thought
the real explanation lay elsewhere. Likewise, Chambers
and Gaines (2 2 ) attributed the lethal effects of ultrasound
to "the internal release of gases dissolved in the tissues
and their consequent accumulation and explosion" and to
"the violent agitation of air bubbles internally or exter-
nally caused by the sound pressure."
In conclusion, it should be pointed out that the oc-
currence of cavitation has always required the presence of
dissolved gases in the liquid medium, according to many of
the above investigators. Whenever the suspending medium
was placed under a vacuum so that dissolved gases were re-
moved, the lethal effects of ultrasound were inhibited.
(22)
It was only in the paper of Chambers and Gaines that
there was any indication of the possibility of lethal ac-
tion in the absence of dissolved gases. The authors
stated that under special conditions of very high acoustic
intensity the lethal action might be explained by a con-
sideration of the tensions and compressions existing in
the water. Whether they were referring to steep pressure
gradients or not was never made quite clear. In the sec-
tion dealing with the interpretation of experimental re-
sults this point will be raised again and will be consid-
ered carefully for it will be indicated then that the pro-
duction of cavitation may not necessarily require the
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presence of dissolved gases, even though most investiga-
tors in the past have assumed this to be the case.
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II
PROPOSED COURSE OF INVESTIGATION
A. Most Probable Lethal Mechanism
From a review of previous work in the field of bio-
ultrasound, it appears that the lethal action of ultrasonic
vibrations may be a result of any one of five possible
mechanisms. Of these, three require the production of cav-
itation by high intensity sound waves to initiate the lethal
action. The other two hypotheses explain the lethal action
in terms of the interaction of the sound wave and the bac-
terial cell, the presence of cavitation being incidental.
So many investigators have shown that the presence
of cavitation is imperative to the lethal action of ultra-
sound, one is almost forced to conclude that any hypothet-
ical mechanism which does not postulate the necessary pres-
ence of cavitation cannot be correct.
Since the experimental evidence has been so over-
whelming in demonstrating the necessity of cavitation, the
two mechanisms, classified as agitation of cellular con-
tents and as cell size-pressure gradient relationship, will
be discarded because they seem to have little real support
from the investigations reported.
It was indicated in the previous section that, as a
result of the occurrence of cavitation, the lethal mechan-
ism might involve an oxidation reaction, a thermal effect,
or a high pressure shock wave. The proposal of an
~LI~W~-~-. I-Y  --
ioxidation reaction by Loiseleur was followed by sev-
eral papers which repudiated this concept. The most
powerful argument that has been advanced against the oxi-
dation reaction is based on the fact that the lethal ac-
tion of ultrasound is not inhibited when all the oxygen
is replaced by an inert gas such as argon. It would seem
that since the presence of oxygen is not essential to the
lethal action, oxidation of the bacterial cell by di-
rectly activated oxygen or by an intermediate product
such as ozone or hydrogen peroxide is not an acceptable
explanation of the bactericidal effect of ultrasound.
The two hypothetical mechanisms left for consider-
ation are difficult to substantiate or repudiate because
they rely on the occurrence of physical phenomena that
are not directly measurable. Both mechanisms postulate the
formation of high pressure as a result of cavitation. The
thermal effect requires the collapse of the cavitation bub-
ble to be an adiabatic process in which the formation of
high pressures is accompanied by resultant high tempera-
tures.
Two considerations give preference to the high pres-
sure shock wave mechanism. The first of these is the ob-
servations of Anderson, et al, on the correlation of
cellular complexity with susceptibility to ultrasound. If,
as the authors indicated, the cells with the greatest
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structural complexity are most easily destroyed while
the spherical cells (the sphere being the strongest struc-
tural form) are most resistant, the implication is that
some mechanical force caused the cellular destruction. If
the heating effect were responsible for cellular destruc-
tion, the structural resistance of the cells would make no
difference. The localized thermal effect would act on a
small portion of the cell wall or cytoplasmic membrane re-
gardless of the nature of the remainder of the cell struc-
ture.
The second consideration is the observations of Le-
peschkin and Goldman (70 ) on the dissimilarity between the
ultrasonic death process and the thermal death process as
seen under a microscope. The authors stated in their
paper, "The fact that the changes produced by heat are
different from those produced by ultrasound and that heat
does not potentiate the effects of ultrasound makes it un-
likely that thermal effects are important in the changes
brought about by exposure to ultrasound. It is also quite
unlikely that ultrasound produces any significant local
heating of cell structures."
Based on the considerations above, it may be con-
cluded that the most probable lethal mechanism is that
which explains the destruction of the bacterial cell by
high pressure shock waves associated with cavitation. The
destruction of the bacterial cell requires the cavitation
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bubble to be adjacent to the cell so that the shock wave
may react with the cell before it is absorbed by the sur-
rounding water. The ability of the bacterial cell to
withstand the shook will determine, to a certain extent,
the rate at which bacterial numbers are diminished in a
treated suspension.
From the standpoint of this mechanism, anything
that inhibits the production of cavitation will decrease
the ultrasonic death rate of the organism. Anything that
strengthens the bacterial cell wall will decrease the
ultrasonic death rate of the organism.
B. Selection of Experimental Variables
The variables that are necessary to confirm or re-
pudiate the lethal mechanism described immediately above
may be divided into two convenient categories:
1. Those which affect the production of cavitation.
2. Those which affect the cellular resistance to
mechanical shook waves.
Since the greater part of the previous literature
has been qualitative in nature, some of the variables
that have been investigated in the past were re-examined
during the course of the experimental work for this the-
sis.
mI
Physical Variables
The formation of cavitation is dependent on the
development of low pressure zones in the liquid. In
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The variables investigated were as follows:
I. Physical Variables
A. Directly affecting cavitation
1. Excess pressure
2. Acoustic intensity
3. Gas content
B. Encountered in treatment plant operation
1. Temperature
2. Turbidity
3. pH
C. Characteristic of the nature of liquids
1. Surface tension
II. Biological Variables
A. Determining stability of entire cell
1. Cell morphology
2. Growth phase
B. Affecting strength of cell membranes
1. Capsule
2. Cell wall
a. Weakened by lysoqyme
b. Strengthened by formaldehyde
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Figure 6 showing the relationship of cell size to the
sound wave pressure gradient, the pressure gradient is
represented as a sine wave, and the maximum amplitude of
the sine wave corresponds to the peak variation in pres-
sure. While the figure shows the values of the periodic
pressure variations, the absolute value of the pressure
in the liquid is dependent on the particular value
assigned to the axis of the sine wave. For instance, in
the case illustrated, if the ambient pressure in the me-
dium is 1 atmosphere, the sound pressure will vary between
4 to 5 atmospheres pressure and 2 to 3 atmospheres ten-
sion. The existence of the low pressure zones depends on
the value of the ambient pressure and on the amplitude of
the pressure variation. Therefore, the production of
cavitation depends on these same two factors.
The ambient pressure may be varied by superimposing
an excess hydrostatic pressure on the sample. For a given
pressure amplitude, cavitation may be inhibited by in-
creasing the ambient pressure sufficiently.
The amplitude of the pressure variation is depend-
ent on the intensity of the sound wave causing the pres-
sure variation. By increasing the intensity of the sound
wave, the pressure amplitude may be increased so that the
production of cavitation is enhanced.
[]
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As cavitation involves the dissolution of dissolved
gases when the pressure approaches the vapor pressure of
the gases, the amount of gas dissolved in the water will
affect cavitation production. As the dissolved gas con-
tent becomes lower, the partial pressure of the gas de-
creases, and cavitation will be retarded, all other things
being equal.
Since the objective of this thesis is the determi-
nation of the applicability of the lethal action of
ultrasound to sanitary engineering problems, it is desir-
able to investigate some of the factors that would be en-
countered in treatment plant operation. Several general
factors have been selected in order to give an indication
of conditions which may alter the predictions of the lab-
oratory results.
One of the important factors concerned with the
operation of biological treatment processes is the temper-
ature of the medium to be treated. Although this factor
cannot usually be economically controlled, it is of inter-
est to know the temperature range, if one exists, in
which the optimum bactericidal effect is evidenced.
The turbidity of the aqueous suspending media has
been one of the major factors which has affected the ap-
plicability of ultraviolet. It is necessary to know whe-
ther such a drawback exists to the possibility of ultra-
sonic disinfection.
The sanitary engineer is probably as conscious of
pH as an operating variable as he is of any other analyt-
ical value. Since pH is a controllable factor which in-
fluences the efficiency of many bactericides, it is impor-
tant to determine the effect of pH on the lethal action of
ultrasound.
Surface tension determinations may be used as an
index to the purity of the water structure. Therefore, it
is of interest to determine its effect on the lethal mech-
anism, both from the standpoint of the production of cavi-
tation and from the realization that treatment plants
never have pure water as a raw material. Surface tension
is not only affected by the presence of detergents or
other surface active agents, but it is also altered by the
presence of proteins, carbohydrates, salts, and other com-
pounds which are characteristic of polluted waters encount-
ered in sanitary engineering practice.
Biological Variables
It was mentioned above that the structural strength
of the bacterial cell should play an important part in
determining the susceptibility of the cell to ultrasound.
The structural strength of the cell depends on the
strength of the individual members making up the structure
and on the stability of the structure as a whole.
j
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The stability is influenced by the complexity of
the cellular morphology. The sphere (coccus) is the
strongest structural form. A cylinder (bacillus), while
not as strong as a sphere, is especially resistant to
compressive loads. As the complexity of cellular morphol-
ogy increases, the structural strength decreases, and such
cells should be more readily destroyed by ultrasound.
The strength of the cell is probably dependent on
the particular phase of the growth cycle in which the
cell exists. Both from the standpoint of a verification
of the lethal mechanism and of a determination of the
proper culturing technique involved in the preparation of
test suspensions, the influence of the growth phase
assumes great importance.
The presence of a strong capsule increases the
resistance of the cell to the cavitation-produced shock
wave. Mycobacterium phlei, a typical nonpathogenie, cap-
sulated organism, has a waxy capsule which should increase
the structural strength of the cell compared to a rela-
tively "naked" bacterium such as Escherichia coli.
By the use of suitable chemical agents it is possi-
ble to alter the characteristics of the cell wall and in
so doing alter its strength. The enzyme, lysozyme, is
capable of attacking certain lysogenic bacteria such as
II
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B. megatherium 899 and destroying portions of the cell
wall. On the other hand, formaldehyde forms cross
linkages between the molecules of the cell wall and
stiffens the membrane.
I -
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EXPERIMENTAL TECHNIQUES
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A. Apparatus
Ultrasonorator
The most important single unit that was used in
this investigation was the ultrasonic generator. The
generator was a commercial model quartz crystal oscilla-
tor obtained from the Crystal Research Laboratories*.
The quartz crystal vibrated at a resonant frequency of
392 kilocycles but was nominally rated as a 400 kilocycle
oscillator.
The electronic circuit driving the crystal is
shown in Figure 7 . The circuit is a push-pull circuit
operated by two type 813 self-rectifying transmitting
tubes. The basic circuit in Figure 7 was supplied by the
manufacturer. To the basic circuit, the constant voltage
transformer mounted ahead of the driving circuit and the
vacuum tube voltmeter (VTVM) mounted across the crystal
have been added.
The constant voltage transformer was installed to
promote stable operating conditions. Prior to its in-
stallation, appreciable voltage fluctuations resulted
when electrically heated ovens and furnaces started,
which affected the output of the generator.
* 29 Allyn Street, Hartford, Conn.
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FIGURE 7 ULTRASONORATOR CIRCUIT
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The driving element is shown in Figure 8 The ele-
ment was mounted in a pyrex battery jar filled with trans-
former oil as shown in the lower half of Figure 8 . The
quartz crystal is shown in the upper portion of the figure
being indicated by the letter A. B is a ground wire from
the upper electrode. The alternating current from the
driving circuit was stepped up to 30,000 volts by the
coil, C, and was then led to the crystal through the two
cylindrical electrodes seen on either side of the crystal.
The crystal faces kere copper plated to distribute the
charge evenly over -the surface. Under these circumstances
the mechanical response of the crystal was uniform over
the entire surface. The lower electrode was sealed to the
crystal forming a pocket in which an air bubble was
trapped.
Proper operation of the generator requires the
presence of an air bubble under the crystal. The transfer
of acoustic energy from a solid (or liquid) to a gas is
very poor because of bad coupling. Proper coupling re-
quires that the products of density and sound velocity in
the medium on either side of an interface be approxi-
mately equal. Because of poor coupling, the under side
of the crystal encounters a very high impedance, and the
result is that almost all of the acoustic energy radiates
from the upper surface.
aE r
FIGURE 8
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Crystal Oscillator and Test Container
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The lower portion of Figure 8 shows a typical test
cell in place over the crystal. The acoustic energy
passed from the crystal, through the transformer oil, G,
between the crystal and the bottom of the container, and
into the sample. The bottom of the test cell was sealed
with a 0.002-inch cellophane diaphragm Slued to the sample
tube with ordinary household cement. The distance between
the crystal and the bottom of the test cell was kept con-
stant although the total aeoustic energy entering the cell
(86)was independent of this diatance .
Transformer oil was used in the battery jar for two
reasons. In the first place, good insulation is needed to
prevent arcing between the two electrodes on either side
of the crystal which are normally operated at a potential
difference of 30,000 volts. Secondly, coupling character-
istics between such oil and a crystal are very good.
Figure 9 is a general over-all picture of the test-
ing equipment. The unit on top of the table to the right,
A, is the driving unit while that to the left, B, is the
transducer. Whenever a new test commences, the crystal
and the driving circuit must be tuned to the acoustic cir-
cuit. The acoustic circuit is composed of the active
sound field radiating from the crystal and any objects
within the sound field. The mechanical "circuit" of the
crystal is tuned to the acoustic circuit by means of a
-~----* I -----9~1UI-L x wy.
FIGURE 9 General View of
Experimental Equipment
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variable condenser located in the base of the transducer
and controlled by the knob on the front of the transducer
base. The electronic driving circuit is tuned to the me-
chanical circuit by means of another variable condenser
located within unit A and controlled by the knob on the
right of this unit. The knob on the left side of unit A
controls a variable transformer which determines the
amount of acoustic energy radiated from the crystal by
increasing or decreasing the voltage across the crystal.
The acoustic intensity is indicated by the VTVM, which,
although not shown in the figure, was mounted just to the
right of the thermometer dial, C.
Refrigeration System
The recirculated cooling water is stored in a
large tank, D, containing cooling coils through which a
refrigerant passes. The refrigeration unit, E, is under
the table. The cooling water is recirculated by the
pump, G, the flow rate being indicated by the mercury
manometer, F, connected to a small venturi in the recir-
culation system. The temperature of the cell contents
is indicated by the gage, C.
The problem of finding a suitable temperature-in-
dicating mechanism was not easily solved. The mercury
column of thermometers inserted in the sound field
82
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oscillated over a wide range, and temperature determina-
tions were impossible. The oscillations of the mercury
column eventually separated it and destroyed the accuracy
of the thermometers. A bimetallic, mechanical thermom-
eter operating on the principle of differential thermal
strains was not suitable. Although the reason for its
erratic behavior was not clear, the fact is that the ther-
mometer dial indicator drifted over a range of 50 to 600F.
The thermometer used in the experimental work was
a constant volume, gas-filled bulb normally used in re-
frigeration work. A definite volume of gas was enclosed
in a rigid, chromium-plated, metallic bulb. The bulb was
connected, by a flexible, copper capillary, to a typical
Bourdon pressure gage which was calibrated in degrees F.
It was necessary to replate the bulb periodically because
cavitation resulting from the high intensity ultrasound
eroded the metal.
The cooling circuit is shown schematically in Fig-
ure 10. Starting from the test cell, A, the cooling
water flows to the heat exchanger, E, where it is used to
cool the transformer oil. Next, it passes into a second
heat exchanger (the large storage tank shown in the previ-
ous figure), G, where it is cooled by the refrigerant.
The cooling water is pumped from the heat exchanger by the
pump, H, through the valve, J. The rate of flow,

controlled by valve, J, is indicated by the mercury manom-
eter, L, which is activated by the small venturi, K. From
the venturi, the cooling water passes back into the test
cell.
The transformer oil in the battery jar, B, must be
cooled. If it is not cooled, the temperature may rise as
much as 13 0 0F. during the course of a day's operation.
The increase in temperature decreases the viscosity of the
oil, consequently changing the sound transmission charac-
teristics. The oil is pumped from the battery jar by pump,
D, the flow rate being controlled through the use of the
variable resistance, C. The oil passes through copper
coils in the heat exchanger, E, and is returned to the bat-
tery jar. The exchanger is equipped with an immersion
heater, F, for high temperature work.
Sample Containers for Sonoration
The normal sample container was made of stainless
steel tubing 8 1/2 inches long with an inside diameter of
1 1/8 inches. The tube was surrounded by a second stain-
less steel cylinder which was separated from the first by
an annular space 3/32- inches wide. The annular space,
which was sealed at the top and the bottom, acted as a
passage for the recirculated cooling water which entered
at the bottom and left at the top. The test cell was
_ -X IW~I~-~sYL
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grounded, otherwise the radio-frequency energy transmitted
by the high voltage coils charged the test cell.
The units described above comprise the complete op-
erating equipment for all normal testing procedures. How-
ever, in special circumstances to be described later, it
was necessary to have a test cell that isolated the sample
from all gases and that, at the same time, allowed the ap-
plication of pressure to the sample. After considerable
instrumentation difficulties the test cell shown in the
upper half of Figurell was built. The body of the test
cell was similar to the cell described above. Because the
container was to be used with pressures up to 100 psi, the
cellophane diaphragm was replaced with a thin popper dia-
phragm 0.001 inches thick. While the normal cell was
stopped with sterile cotton, the pressurized cell was
capped with a metal plug, A, which screwed into the top of
the test cell. The details of the metal top are shown in
Figure 12o The key letters in Figure 12 correspond to those
in Figure 11.
The top of the test cell was characterized by a rub-
ber disc, C, which sealed the sample from the surrounding
atmosphere. The disc was strong enough to withstand pres-
sures up to 100 psi. It was also sufficiently elastic to
permit passage of a hypodermic needle in order to take
periodic samples. In Figure 11 a hypodermic needle and
L
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FIGURE 12
PRESSURE CELL CAP
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syringe, H, are shown in position to take a sample. The
bottom of the rubber disc was coated with a thin layer of
rubber cement which served to seal the hole left by the
hypodermic needle after it was withdrawn.
Pressure was transmitted to the sample through the
copper capillary, E, at the junction, J. Pressure was
built up in the reservoir, G, by depressing a rubber dia-
phragm in the middle of the reservoir with a low pitched
screw, F. Pressure in the cell was indicated on the pres-
sure gage, D.
The ambient temperature of the sealed sample was
measured by the constant volume, gas-filled bulb, L, which
was inserted in the thermometer well, M, shown in the de-
tail sketch.
The lower portion of Figure 11 shows one of the oil
recirculating lines, K, which was not shown in the previous-
pictures of the transducer unit.
Control of Acoustical Intensity
It was mentioned briefly above that the acoustic in-
tensity applied to the sample was controlled by a calibrated
VTVM inserted in the circuit across the crystal. The volt-
meter was calibrated in terms of acoustic power by use of a
Siemens sound power meter*. The sound power meter was
* Kindly supplied by Dr. T. F. Hueter of the M.I.T. Acous-
tics Laboratory.
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filled with water and covered with a cellophane diaphragm
similar to that sealing the bottom of the test cell.
Periodically, during the course of a day's run, the power
meter was placed over the crystal in the position normally
occupied by the test sample and simultaneous readings were
taken on the voltmeter and the power meter. The results
of this survey are presented in Figure 13 which is the cal-
ibration curve of the voltmeter. Each experimental point
represents the average of three separate observations at a
given acoustic power. The information obtained from the
survey was analyzed statistically and is presented in Ap-
pendix A. The solid line is the theoretical curve whose
equation is
Y = 0.468 + 1.97 x 10-3X - 6.5 x lO"7X2 - 5.5 x 10o1 2 X3
where Y is the logarithm to the base 10 of the acoustical
power in watts, and X is the square of the voltage read on
the VTVM.
The explanation of the shape of the curve requires
a modification of simple acoustical theory. According to
theory, there is a straight-line relationship between the
electrical and the acoustical power which is governed by
the physical constants of the transformer (in this case,
the quartz crystal). The lower portion of the curve shows
that the straight-line relationship holds approximately.
When sound waves must pass through water (or any other
_ 
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FIGURE 13
CALIBRATION ,CURVE OF VTVM
IN TERMS OF SOUND INTENSITY IN WATTS
AS MEASURED BY SIEMENS POWER METER
Meter filled with water and covered with
cellophone then suspended over crystal in
position normally occupied by test sample
June 25, 1951 J.P.H. I
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liquid) before reaching a power meter, modifications of
the theory may be encountered at high intensities. These
modifications result from the attenuation of the sound
wave by cavitation.
Cavitation involves the formation of gas-filled
bubbles. It was pointed out above that the transfer of
acoustical energy from liquids to gases was very poor be-
cause of the low coupling factor. Instead of transmitting
the sound wave, cavitation bubbles reflect most of the
incident energy with the result that the sound wave is at-
tenuated. As the energy radiated from the source is In-
creased, the amount of cavitation increases, and the sound
wave is attenuated to a greater extent. Under these cir-
cumstances the impulses received by the sound power meter
do not increase linearly for linear increases in source
output.
For reasons that will be explained in the section
on experimental results almost all of the tests to be de-
scribed were conducted with a VTVM reading of 27 volts.
Under these circumstances the total acoustical power ap-
plied to the sample was 36.2 watts, and, since the cross-
sectional area of the sample was 6.48 sq.cm., the acous-
tical intensity in the sample was 5.7 watts per sq.em.
Unless stated otherwise, the acoustical intensity for all
of the experimental observations reported below should be
taken as 5.J watts per sq.cm.
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B. Methods
Sample Preparation
Bacterial suspensions used in the experimental work
were prepared from stock cultures of bacteria grown in
liquid media at 3700C. Normally, E. coli was the test
organism used for preparation of the bacterial suspensions.
The culture used was a typical strain conforming to the
standard biochemical reactions. Periodic checks were made
on the organism, which was originally isolated from sewage,
by use of the IMVIC* reactions.
Subcultures were made daily by transferring 2 loops-
ful of a 1-day old nutrient broth culture to 10 ml of
sterile nutrient broth. The subcultures were incubated at
370C. for 24 hours before being used in the preparation of
bacterial test suspensions.
Occasionally other organisms were used in the test
suspensions. These organisms were always grown on liquid
culture media of one type or another. When culturing tech-
niques other than that used for E. coli were employed, they
will be indicated in the proper section on experimental re-
sults.
Test suspensions were made up in 100 ml of sterile
distilled water just prior to the beginning of each run.
* The IMVIC reactions are a group of standard biochemical
tests (indole, methyl red, Voges-Proskauer, and citrate)
used for the identification of bacterial species.
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Testing Procedure
The details of the procedure used during the course
of a typical test run are as follows:
1. Place the test cell in the lucite supporting
plate (shown in Figure 8).
2. Center the lucite plate on the battery jar so that
the test cell is directly over the crystal. Guide
marks on the bottom of the lucite plate aid in the
centering process.
3. Connect the two leads to the cooling water circuit
and start the pump which recirculates the cooling
water.
4. Start the pump which recirculates the transformer
oil.
5. Pour the previously prepared bacterial suspension
into the test cell (which has been washed twice
with sterile water).
6. Connect the ground wire to the test cell.
7. Insert the metallic bulb of the constant volume
thermometer in the test cell and close the top
with a sterile cotton plug.
8. Withdraw frcom the test cell a 1-ml control sample.
9. Turn on the VTVM.
~ -~L.CI~LLCII -~YC
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10. Start the timer at the same instant the variac
is turned up to the desired acoustic intensity
as indicated on the VTVM. (Note: The ultrason-
orator must be warmed up for a considerable
period before the test run starts in order to
insure uniform operation conditions.)
11. The thermostat on the refrigeration unit will
generally be set at the proper operating temp-
erature before the run begins, but it is neces-
sary to vary the cooling water flow in order to
obtain close thermal control.
12. At frequent intervals during the course of the
run, especially in the first 10 minutes, it is
necessary to check the VTVM frequently and ad-
Just the variac as required in order to maintain
constant sound intensity in the sample.
13. During the course of the run, samples are with-
drawn at predetermined times and after suitable
serial dilution are plated in triplicate in
standard petri dishes. In most cases ordinary
nutrient agar is the culture medium.
14. When the run is concluded, and the final sanple
has been taken, the cooling water recirculating
pump is shut off, and the ground wire,
_ ~J- err -Y YL
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thermometer bulb, and two cooling water leads
are removed from the test cell.
The procedure used above was typical of almost all
the test runs made. When different testing procedures
were used, they will be indicated in the appropriate place
in the section on experimental results.
The petri dishes inoculated during the course of
the run were incubated, inverted, at 3700. for 48 hours.
The colonies were counted with the aid of a Quebec colony
counter. In one particular case, when the organism being
sonorated, M. phlei, was a particularly slow-growing
organism, the plates were incubated for 96 instead of 48
hours.
Control runs were made in the absence of ultrasonic
vibrations on representative bacterial suspensions used
in each new test procedure. The control suspensions were
prepared in exactly the same manner as were the actual
test suspensions. In general, the control runs were made
over a time period somewhat longer than that of the test
run. The results of these control runs are presented in
the section on experimental results in the appropriate
place. Where no information of this nature is presented
with the test results, it should be understood that the
bacterial numbers remained within the limits of experi-
mental error during the control period.
_ -~L~Ofy y PPYr
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Determination of Results
Plate counts were invariably used for the enumera-
tion of bacterial cells with one exception. When cysts
of Endamoeba histolytica were being sonorated, it was
necessary to use microscopic counts for the cyst enumera-
tion. To accomplish this, a drop of the test suspension
was removed from the test cell and placed on a microscope
slide. The cysts were stained with iodine, and a cover
slip was placed over the drop of test suspension. The
entire volume (1/25 ml) under the cover slip was counted
under low power (10OX) magnification, approximately 225
fields per cover slip being observed. In no case was any-
thing less than the entire volume under the cover slip
counted. In some cases duplicate samples were counted,
but this procedure was generally not practical because
the time involved allowed subsequent samples to dry.
Analysis of Results
Results obtained from the plate or microscopic
counts were analyzed statistically as described in Appen-
dix A. The results of the statistical analysis were
then used in the tables and graphs that are presented in
the section on experimental results.
Since the trend of the killing rate was generally
characteristic of a first order reaction, all of the
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basic results were plotted on semilogarithmic paper.
Whenever it was desirable to examine the effect of any
variable on the killing rate of ultrasound, the rate was
determined from the graphs of the statistically analyzed
data. In many cases, the data did not yield straight-line
logarithmic plots, and the killing rates were generally
taken as the average rate exerted for the last 30 minutes
of the run. The first 10 minutes of the run were often-
times complicated by apparent increases in bacterial num-
bers which will be explained in a later section.
Each point on a given graph represents the average
of 5 to 10 means of triplicate plate counts. Using this
technique, the number of points defining the trend line
is small, usually 5, and the line has been drawn in by
eye without using the least squares correlation tech-
nique.
C. Accuracy of Determinations
When triplicate plate counts are used to represent
a single observation, the error of the observation is al-
most halved. Even under this circumstance the error in-
volved in the determination may be as much as 14 per
cent. Appendix A contains the statistical calculations
used to determine this value. The error represents the
sampling error involved in the bacterial enumeration
I~*CIL~ - S*Y *- --
wherein 1-ml samples are plated directly from a suspen-
sion without intervening serial dilution. It is ex-
pected that whenever serial dilutions are required, the
sampling error, which is probably due to a nonuniform
distribution of bacterial cells within the suspension,
may be as much as L5 per cent. (See Appendix A.)
The accuracy of a single test run decreased dur-
ing the course of the run. This is due to the fact that,
as sterility is approached, the influence of a given
variation in bacterial numbers becomes larger percentage-
wise. Appendix A contains the statistical calculations
required to determine the figures presented in Table 1.
These figures show the per cent error of observations made
in the course of a single run on E. coli suspended in dis-
tilled water at 600F. They are based on 27 runs made
over a period of four months. The table also gives values
for the per cent error of the mean of 5 and 10 runs.
In the experimental tests described in the follow-
ing section, at least five identical runs were made for
every condition. In some cases more than 5 runs were
made, but there were never less than 5.
In one series of test runs to be described later,
the gas content of the sample was determined in a unique
fashion. Since the gas in contact with the aqueous test
suspension was air, the dissolved gases in the water were
__1
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Table 1
STATISTICAL RELIABILITY OF TEST RESULTS
Based on Identical Runs with E. coli
Suspended in Distilled Water at 600F.
Exposure
Time
Minutes
3
6
25
40
Standard
Deviation
80.48
60.75
24.o04
11.57
1.22
15.36
18.17
10.33
7.54.
1.48
Expected Error of Mean of
5 Samples 10 Samples
17.1
26.8
38.5
58.3
108. 1
O. 167 86.7
12.1
18.9
27.2
41.2
76.5
61.4
_1_ _1_1 _
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in the same proportions as they are in air. Under these
circumstances, it was possible to measure the dissolved
oxygen and from this information determine the total
amount of gas dissolved in the water. Since the samples
available for the DO determination were necessarily very
small, a micro technique involving the use of a 10-ml
hypodermic syringe was developed. The analytical method
was simply an adaptation of the sodium azside modification
of the Winkler method.
The actual technique used in determining dissolved
oxygen will be described in the appropriate portion of
the section on experimental results. Appendix A contains
the statistical analysis involved in the calculation of
the expected error of a single determination of dissolved
oxygen by the special micro technique. The expected
error of a single DO determination is 58 per cent. The
accuracy involved is compatible with the accuracy of the
other determinations used in the course of the investiga-
tion. (See above.)
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A. Investigation of the Effect of Significant
Physical Variables
The formation of cavitation was shown to be necessary
to the lethal action of ultrasonic vibrations by previous
research workers. Cavitation was formed by the growth of
micro gas bubbles in the suspending medium under the influ-
ence of the low pressure portion of the sound wave.
The formation and duration of low pressure zones in
the suspending medium is influenced by the ambient pressure
in the medium and by the magnitude of the acoustically pro-
duced pressure variations. Figure 14 shows the interrela-
tionship of these two factors. An increase in the ambient
pressure, represented by the axis of the sine wave, raises
the entire alternating pressure system. The effect of in-
creased ambient pressure may be counteracted by increasing
the magnitude of the pressure variations so that the peak
negative value of the pressure remains constant. The ampli-
tude of the pressure variation is related to the acoustic
intensity by the expression,
Pa
where I is the acoustic intensity in watts per sq. cm., p is
the density of the medium in gms. per cu. cm., c is the sound
velocity in the medium in cm. per sec., and P is the root-
mean-square pressure variation in dynes per sq.cm.
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For a given ambient pressure and acoustic intensity,
the formation of cavitation depends on the gas content of
the suspending medium. The gas content determines the
equilibrium partial pressure and thus controls the magni-
tude of the acoustic pressure necessary to cause the vapor-
ization of dissolved gases. Since the presence of gas nu-
clei is required if cavitation is to occur within the body
of the liquid, low gas concentrations will force some of
the micro bubbles into solution. This decreases the number
of available nuclei, reduces the incidence of cavitation,and
suppresses the lethal action of ultrasound.
Acoustic Intensity
The experimental runs on acoustic intensity were re-
quired from two points of view. In the first place, the
results were needed to confirm the reasoning cited previ-
ously in the description of the calibration of the VTVM.
Secondly, the results were needed to determine the best
operating output of the ultrasonorator. Qualitative ob-
servations of the water surface in the test cell had indi-
cated that the greatest sound intensity in the sample
might be obtained when the generator was operating at less
than peak output.
The surface of any liquid subjected to high inten-
sity sound is always disturbed. The degree of disturbance
_ .LL L~IL~C---~-~LIC _-~
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is an indication of the sound intensity. Figure 15 shows
a typical example of surface disturbance. A battery jar
was inverted over the crystal, and the ultrasonorator was
started. The oil fountain that resulted, the radiation
fountain, rose more than 11 inches over the surface of
the crystal. When a test container was placed over the
crystal and filled with water, the same type of radiation
fountain was formed but to a lesser degree. It was ob-
served that as the acoustic intensity in the sample in-
creased, the radiation fountain expanded'until an inten-
sity was reached at which the fountain suddenly diminished
and the water surface was hardly disturbed. Further in-
creases in acumsti intensity did not chazge the situation,
indicating that -the maximum sound intensity in the sample
was attained before the peak output of the generator was
encountered.
A long series of experimental runs was conducted
in which the sound intensity entering the sample was var-
ied. The VTVM was used to control the intensity. The re-
sults of this series are presented in Figure 16 and Table
2. The figure shows that increases in the acoustical in-
tensity resulted in increases in the killing rate, up to
a certain optimum intensity. This is indicated more
clearly in Figure 17 which shows the variation in the kill-
ing rate,as determined by the slope of the curves in Figure
16, with increasing acoustical intensity. The ordinate of
_ _f~4"11.-r~LI~ILL
FIGURE 15 Typical Radiation Fountain
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curve is the inverse of the killing rate and is the con-
stant in the equation,
x(2- -)Y = 10 2
where Y is the per cent of organisms surviving ultrasonic
treatment at time, X.
The results show that the optimum killing rate was
not obtained when the sound intensity entering the sample
was a maximum but rather at a lower intensity. The expla-
nation for the occurrence of this peak acoustic intensity
is the same as that advanced for the shape of the calibra-
tion curve of the VTVM, namely, that the presence of
cavitation attenuates the sound wave. As a result of
Table 2
PER CENT OF E. COLI SURVIVING ULTRASONIC VIBRATIONS
OF VARIOUS ACOUSTIC INTENSITIES
Exposure Time Sound Intensity, watts/sq. m.
minutes 2.91 3.34 3.84 4.38 5.02 5.67 6.47 7.25 8.15
3 97..5 100.1 88.6 83.3 88.6 74.7 71.5 73.6 76.9
6 85.4 85.0 75.7 73.3 71.8 56.4 52.8 58.1 59.4
15 65.1 66.5 54.5 50.5 40.2 22.4 15.9 17.9 26.4
25 53.2 46.1 35.3 36.3 21.5 13.2 10.5 7.1 9.9
40 39.1 34.1 20.9 15.9 9.24 5.04 3.41 1.77 2.69
60 21.0 18.0 9.87 4.11 0.10 0.42 0.08 0.34 0.62
Note: (1) Environmental temperature maintained at 600F.
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this, the killing rate decreases even though the acoustic
intensity is increased.
On the basis of these results, all of the succeed-
ing experimental runs, unless otherwise noted, were made
with an acoustical intensity of 5.7 watts per sq.cm. This
particular value of the sound intensity was chosen because
it was near, but somewhat below, the optimum intensity.
Before test runs were made, the ultrasonorator had to be
warmed up in order to insure constant operating condi-
tions. At lower outputs the generator became stabilized
more quickly, and in order to expedite test procedures,
this output, rather than a higher one, was selected.
Excess Pressure
Using the pressure cell previously described, a
series of experiments was conducted in which the ambient
pressure was varied between 15 and 115 psi. The sound
intensity in the test cell was unknown because the copper
diaphragm on the bottom attenuated the sound wave to a
greater extent than did the cellophane'diaphragm which
was normally used. Some early, qualitative work on the
calibration of the VTVM implied that attenuation by the
copper diaphragm probably resulted in a 30 to 40 per cent
decrease in acoustic intensity from that indicated by the
voltmeter. However, this factor was constant for the
~~ rLI~---"Y ~-i--
112
entire series of experiments and variations in experimental
results should be attributed to the pressure factor only.
Because the attenuation of the sound wave was ex-
pected to decrease the ultrasonic death rate from that
normally experienced, the environmental temperature was in-
creased to 850 F. Therefore, the death rate under control
conditions (no hydrostatic excess) was high enough to per-
mit significant depression under conditions of applied hy-
drostatic excess.
The number of samples taken during the course of a
test run was limited by the experimental equipment. The
high pressure reservoir did not have a very large capacity,
and the water supply available for maintaining the applied
pressure when 1 ml samples were withdrawn was limited.
When more than 3 samples were taken, there was not enough
reserve in the reservoir to maintain the pressure, espe-
cially at 100 psi.
The results of the experimental series are pre-
sented in Table 3 and Figure 18. The results show that
the killing rate was diminished when a hydrostatic pres-
sure was applied to the sample, the diminution being
greatest between 0 and 50 psi. The killing rates for the
3 sets of runs wherein the excess pressure was 50, 75,
and 100 psi were not very different. The difference be-
tween the 50 and the 100 psi runs was not very much
greater than that allowed by chance alone (based on 95
per cent confidence limits).
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EFFECT OF SUPERIMPOSED HYDROSTATIC I
PRESSURE ON THE ULTRASONIC KILLING
RATE WITH E.COLI
II
0 10 20 30 40
EXPOSURE TIME, Minutes
Fiii
Excess
Pressure
psi
100
Exposure Time
minutes
10
103.4
46.2
37.2
34. 8
25
24. 7
15.2
17.8
18.7
Note: (1) Environmental temperature maintained at 85 0 F.
(2) Acoustic intensity approximately 4 watts per
sq. cm.
Evaluating the killing rates by using the average
rate over the last 30 minutes of the run gave the results
presented in Table 4 and Figure 19. The figure indicates
Table 4
EFFECT OF HYDROSTATIC PRESSURE ON THE
ULTRASONIC KILLING RATE
Excess Pressure
psi
100
Killing Rate
minutes -
1
0.057
0. 028
0.021
0.015
40
1.86
6.6
8.6
12.3
C --
PER CENT OF E. COLI SURVIVING ULTRASOUND
AT VARIOUS AMBIENT PRESSURES
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that the killing rates exerted during the pressurized
runs may have had more significance than was immediately
apparent from the previous figure. However, a word of cau-
tion is necessary in the interpretation of the results. The
shape of the killing curves for the pressurized runs dif-
fers, for some reason that is not presently obvious, from
that of the control run. The determination of the killing
rate is highly dependent on the shape of the killing
curve, so unwarranted assumptions based on the variations
in the killing rates should not be made until the differ-
ence in the shapes of the curves is understood.
In any event, Figure 18 shows that, within the range
of pressure variations normally encountered in sanitary
engineering practice, the killing rate under atmospheric
conditions will not be altered appreciably.
Gas Content
A series of 20 preparatory test runs was made to de-
termine the effect of ultrasound on the gas content of the
sample. Since air was in contact with the water, the gas
content of the sample was approximately 3 times the dis-
solved oxygen concentration. Dissolved oxygen determina-
tions were made at periodic intervals during the course of
35-minute test runs using the micro procedure outlined in
Appendix B. The tests were conducted in the special test
_ ~B~-1I) ~LULL-t .IUI . r__
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cell described above so that no liquid-gas interfaces
existed other than those at bubble nuclei. During this
test series, the thin copper diaphragm was removed and re-
placed with one made of cellophane.
Three groups of samples with varying gas content
were used. In one group the dissolved gases were removed
from the samples by autoclaving for 20 minutes. The sam-
ple bottles were filled completely, sealed immediately af-
ter being removed from the autoclave, and were allowed to
cool without access to the atmosphere. The second group
of samples were in equilibrium with the atmosphere prior
to their use. The third group of samples were refriger-
ated under a slight pressure so that they were supersatu-
rated with air with respect to normal experimental condi-
tions.
Sonoration of the first sample group showed that
the dissolved oxygen concentration either did not change
or else increased slightly. Sonoration of the second and
third groups resulted in identical percentage decreases
in the gas content. Figure 20 and Table 5 give the results
of the last two of these preparatory runs. When the gas
content was at or above saturation, ultrasound degassed
the sample as shown in the figure even though there was no
free surface.
Figure 20 shows that an average value of the gas
concentration for the entire run was 55 per cent of the
initial dissolved oxygen.
_Ssfid M uqmm
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Figure 20
Deaeration
of Saline Dilution Water by
Ultrasonic Vibrations
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Table 5
DEGASSING EFFECT OF ULTRASOUND ON SAMPLES SATURATED
OR SUPERSATURATED WITH AIR
Exposure Time Per Cent of Initial Dissolved Oxygen
minutes Saturated Supersaturated Composite
0 100.0 100.0 100.0
3 81.8 62.7 73.6
6 66.o 61.8 64.7
9 6o.o 55.5 58.8
12 52.2 55.9 53.6
15 58.8 60.2 59.4
25 50.5 4o.2 48.6
30 54.3 58.9 55.8
35 45. o 39.7 43.9
Using the special test cell, a series of runs was
undertaken in which the gas content of the sample was var-
ied between 4.2 and 45 ppm (dissolved oxygen between 1.4
and 15 ppm). Since the initial gas content could not usu-
ally be duplicated, it was undesirable to perform a sta-
tistical analysis of the results. Each run was plotted
separately, and the average killing rate exerted over the
last 30 minutes of the run was determined. The killing
rates were then correlated with the gas content of the
sample and are presented in Figure 21 and Table 6.
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Table 6
RELATION OF GAS CONTENT TO THE ULTRASONIC
KILLING RATE WITH E. COLI
Dissolved Oxygen
ppm
.0
12.612.6
12,6
.2
7.7
7.3
7. 3
7.3
5.8
4.9
3.3
3.1
2.5
2.5
1.9
1.4
Gas Content
ppm
45.0
42.0
37.8
37. 8
28.5
24.6
23.1
22.5
21.9
21.9
21. 9
17.4
14. 7
9.9
9.3
7.5
7.5
5.7
4
.2
Killing Rate
minutes - 1
0.013
0.015
0.010
0.014
0.019
0. 012
o. o16
0.014
0.013
0. 017
0.020
0.010
0.012
0.007
0.023
0.011
0.oo007
0o, 009
0.005
The information shown in Figure 21 was treated by two
separate statistical techniques. The first technique, not
illustrated here, used the chi square test for significance
to determine the degree of correlation among the observed
data. Horizontal and vertical median lines were drawn
through the experimental points. If there were no correla-
tion, there should be five points falling in each quadrant.
If there were good straight-line correlation almost all of
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the points should fall in the two diagonally opposite
quadrants. The chi square test applied to the experimental
points shown in Figure 21 indicated that there was a slight
correlation but that 86 times out of 100 this experimental
distribution of the data would occur by chance alone.
The second statistical method applied was the least
squares correlation technique for nonlinear correlation.
The results of this analysis are shown in Figure 21. The.
figure indicates that the correlation between the two vari-
ables is very poor, the per cent variation of the 95 per
cent confidence limits being as much as 96 per cent.
The data seem to show that the gas content of the
suspending medium has a small influence on the ultrasonic
killing rate; in any event, the effect on the lethal action
is apparently minor. It is possible, however, that the
variation in gas content did not cover a wide enough range
to show a definite trend. It is certainly a fact that in
no case was the sample completely evacuated of all gases.
Reports in the literature mentioned above indicated that,
under conditions of complete evacuation, the lethal action
of ultrasound was not experienced. None of the reports
from the literature gave any indication as to how com-
pletely the sample was evacuated, nor did they indicate the
method by which the gas content was measured.
.~di~ur~-- ~1Pu c-
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Temperature
It was indicated in the review of the literature
that the environmental temperature was generally of concern
to investigators in the past only insofar as it approached
the lethal temperature for the bacterial species involved.
Since it was desirable both from an experimental point of
view and from a consideration of plant operation to know
whether an optimum temperature range exists, a series of
experiments was undertaken in which the environmental temp-
erature was varied.
The temperature was varied by adjusting the thermo-
stat on the refrigeration unit and by controlling the rate
of flow of cooling water. Although the lowest temperature
reported in this series is 45$F., attempts were made to
obtain data at lower temperatures, but the spray from the
radiation fountain froze and sealed the cotton plug into
the test cell so that it could not be removed for sampling.
The upper temperature limit was determined by the range of
the thermometer which did not exceed 1000F.
The results are presented in Figure 22 and Table 7.
The figure shows that increases of environmental tempera-
ture result in increases of killing rate as indicated by
the slope of the curves. Control runs made at the same
environmental temperatures indicated that the change in
bacterial numbers during the 60-minute time interval was
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Table 7
PER CENT OF E. COLI SURVIVING ULTRASONIC VIBRATIONS
AT VARIOUS ENViRONMEYNTAL TEMPERATURES
Temperature Exposure Time
oF. minutes
1 3 6 10 15 25 4o 6o
45 82.1 61.1 39.5 23.1 14.6 6.2 1.38 0.218
60 80.2 54.7 30.6 16.7 9.6 2.93 0.47 0.056
75 75.1 52.8 24.1 13.4 6.4 1.32 0.157 0.016
85 70.4 39.0 15.9 6.6 2.48 0.35 0.031 0.0029
98 62.5 32.4 10.1 3.0 0.75 0.056 0.0022 0.0000
negligible. Therefore, the effect must be independent of
the thermal characteristics of the organism, E. coli, used
in the test suspensions.
When the results shown in Figure 22 are replotted
using environmental temperature and exposure time as coordi-
nates and per cent of organisms killed as a parameter, the
curves of Figure 23 result. This figure predicts some im-
portant relationships between the ultrasonic killing rate
and the environmental temperature. In the first place,
all of the lines, when extended, meet at a single point
(140 0F.) on the temperature axis at which the exposure time
is zero minutes. Secondly, this point is the intersection
of lines of varying per cent kill, so it might be pre-
dicted that sterilization would be obtained with the
i
~SIIC~e~C ~i--
II
I
I - - - -
EXPOSURE TIME, Minutes
126
127
combination of physical factors indicated by the intersec-
tion.
Because of the basic significance of the prediction
of these curves from an application point of view, a sec-
ond set of experimental runs was made in which the envi-
ronmental temperature of the test suspension was elevated
into the neighborhood of 1400F. The constant volume ther-
mometer used in previous work was not suitable as an indi-
cator, and it was necessary to use a thermometer for ther-
mal control. The variation in temperature readings caused
by the oscillation of the mercury column under the influ-
ence of the ultrasonic vibrations made determinations dif-
ficult. The mean of the variations was taken as indica-
tive of the true temperature which was maintained at or
several degrees below critical. The results of these high
temperature runs are shown in Figure 23 as points "a" and
"b." Point "a"t represents the average of 5 runs made at
1400F. After 2 minutes' sonoration at this temperature
only 0.12 per cent of the original viable organisms were
recoverable. Point "b" represents a series of 5 runs made
at an environmental temperature of 1310F., the per cent of
organisms surviving after 5 minutes being 0.04. The re-
sults obtained from the special series of high temperature
runs tend to substantiate the prediction that almost in-
stantaneous sterilization by ultrasound would be possible
at an environmental temperature of 1400F.
-E_ -___
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It should be pointed out that the thermal death
point of E,. coli is Just slightly above the critical temp-
erature. Bergey's Manual(lb) indicates that E. coli will
survive a temperature of 140 0 F. for 30 minutes. From these
considerations it must be concluded that there is a defi-
nite additive relationship between the environmental temp-
erature and the ultrasonic vibrations.
Turbidity
In order to determine whether or not turbidity is
a limiting factor affecting the applicability of ultra-
sound, a series of test runs was conducted in which vary-
ing amounts of two different types of turbidity were
added to the test suspension. In the first group of
runs, varying amounts of fuller's earth turbidity were
used. Microscopic observation revealed that 1 ppm of
fuller's earth turbidity contained approximately 840,000
particles per ml. The results of the test runs are pre-
sented in Figure 24 and Table 8. The figure shows that,
within the limits of turbidity explored, there was appar-
ently no significant effect on the killing rate.
Boston blue clay (kaolin) was used in the second
half of the series. The number of clay particles per ml
per ppm of turbidity was of the same order of magnitude
for fuller's earth, being 330,000. The results of the sec-
ond set of test runs are presented in Figure 25 and Table 9.
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FIGURE 25
"ECT OF KAOLIN TURBIDITY 0
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Turbidity
ppm
Exposure Time
minutes
3 6 15 25 40 60
l - 1 [ . li , l !L i --
20 74.6 55.2 25. 6 15.9 7.48 2. 34
30 75.0 66. 9 27.2 14.9 6.85 2.17
75.8 57.1 25.2 12.6 4.69
80.o 61.9 31.0 19.2 8.96 2.56
77.9 61.5 35.6 20.8 8.87 2.59
Table 9
PER CENT OF E. COLI SURVIVING ULTRASONIC VIBRATIONS
IN TURBID SAMPLES
II. Boston blue
Turbidity
ppm
0.0
0. 7
7
102. 7
80.2
88.3
clay (kaolin) turbidity
Exposure Time
minutes
72.6
98.2
6o. o
2525
35.3
29.2
40
4.77
5.24
79.9 47.8
80.4 55.1
87.9 70.8
150
500
1.66
70
700
7000
25.3 3.33
9.93
39.1
__p __
Table 8
PER CENT OF E. COLI SURVIVING ULTRASONIC VIBRATIONS
IN TURBID SAMPLES
I. Fuller's earth turbidity
131
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The figure shows that the kaolin turbidity had no
significant effect on the ultrasonic killing rate until
the concentration approached 1 per cent. Within the range
below 700 ppm there appeared to be no significant differ-
ence in the killing rates.
A comparison of the two figures points out some ob-
servations that might otherwise be neglected. The shape
of the killing curves is quite different, the fuller's
earth curves being concave upward while the kaolin curves
are concave downward. A possible reason may be that full-
er's earth turbidity samples were prepared in buffered
distilled water while the kaolin samples were suspended
in unbuffered distilled water. (The two sets of tests
were conducted about 7 months apart, and the test proce-
dure was modified slightly during that interval.) The
action of the buffer will be explained in the theoretical
discussion of the pH effect.
A second consideration indicated by a comparison
of the two figures is that, although there appears to be
no significant variation in the killing rate below 700
ppm turbidity, the relative positions of the killing
curves are the same in both cases. The samples with
'lower turbidity fall between the 2 samples with higher
amounts of turbidity. In both cases the samples contain-
ing 50 (or 70) ppm of turbidity had the greatest lethal
_ ~.IWL ----~I~Y
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effect. The samples containing 500 (or 700) ppm of tur-
bidity had the least lethal effect. Since the tests were
made 7 months apart, and since a change in procedure re-
sulted in a change in the shape of the killing curves, it
seems significant that the killing rates should be in the
same relation. This point will not be discussed further
here, but it will be brought up again in the section on
theoretical considerations.
A final consideration of the data shows that the
presence of turbidity in the amounts normally encountered
in waterworks practice will not seriously hamper the ap-
plication of ultrasound.
pH
The pH of the suspending medium often has a very
important relation to the effectiveness of germicidal
agents. It is well known that chlorine is most effective
at low pH, its effectiveness decreasing with increasing
pH. It is desirable to ascertain whether or not the pH
of the suspending medium plays an important part in the
lethal effect of ultrasound. Considered from the stand-
point of the proposed mechanism, it would seem that the
pH should not have any effect on the killing rate unless
it conditions the cell wall to such an extent that the
cell becomes more susceptible to high pressure shock
13.
waves. Hompesch(50) indicated briefly that better kills
were obtained at high pH levels.
A series of experiments was conducted in which the
bacterial suspension was buffered at various pH values
ranging from 5.15 to 9.60. The range was limited by the
reported lethal effect of pH above and below these values
on E. coli (90 ). In the work of this experimental series,
the organisms were usually exposed to the pH effects for
only 40 minutes although in some special runs the exposure
time was 2 hours. The dilution involved in plating de-
creased the buffer concentration to such a point that the
pH of the nutrient agar culture medium was not altered
appreciably.
The buffers used were standard Clark and Lubs buf-
fers made up as follows:
Di- pH after
Reagents luted pH auto-
to claving
23.85 ml 0.1N Na0H 50 ml 0.1M KHC8H 404 100ml 5.00 5.15
5.70 ml " 50 ml 0.1M KH2P04 " 6.00 6.10
29.63 ml " 50 ml " " 7.00 7.15
8.50 ml " 50 ml 0.1M H3B03  " 8.40 8.10
21.30 ml " 50 ml " " 9.00 8.80
43.90 ml " 50 ml " " 10.oo 9.60
Control runs were made in each buffer solution. The
results showed that the buffers had no effect on the
__ ~.~Clylcrr ~I1PU,
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bacterial numbers during the time interval involved. Even
at pH 9.60, the change was within the limit of plating
error and actually increased during the 40-minute time
interval.
'The results of this experimental series are pre-
sented in Figure 26 and Table 10. Figure 26 shows that,
Table 10
PER CENT OF E. COLI SURVIVING ULTRASONIC VIBRATIONS
IN BUFFERED SAMPLES
Exposure Time
pH minutes
6 15 25 40
5.15 108.2 75.6 48.2 20.8
6.10 99.4 61.4 42.7 20.4
7.15 109.2 70o. 3 44.1 26.1
8.10 85.9 49.4 30.9 9.55
8.80 92.5 52.9 29.0 4.48
9.60 78.7 53.2 23.7 4.55
for the first 20 minutes of the test runs, the pH of the
sample did not seem to have any significant effect on the
killing rate. Even after 20 minutes the samples buf-
fered at 5.15, 6.10, and 7.15 did not have any difference
in the killing rate. However, in the samples buffered at
pH 8.10 and above the killing rates did deviate from the
-
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initial rate, the rate increasing with longer exposure
time. Observation of the figure shows that the point of
deviation from the initial rate occurred first at the
highest pH, then progressively later as the pH decreased.
Presumably, if the test had been run longer, the samples
buffered at pH 7.15 would have been next to deviate from
the initial killing rate.
In order to determine whether or not the killing
rate continued to increase over a longer time interval,
two special sets of runs were made. In order to avoid
complex killing rates, the sample buffered at pH 9.60 was
not used in the long duration test runs. It was known
that this pH had a lethal effect which was exerted after
approximately 1-hour exposure. The two sets of samples
buffered at 8.80 and 8.10 were chosen for the special
series. The results of this series are presented in Fig-
ure 27 and Table 11.
In comparing Figure 26 with Figure 27 it should be
noted that the scale of the ordinates is not the same.
The effect of increasing the ordinate range is to de-
crease the amount of deviation from the original killing
rate. Actually the deviation from the initial killing
rate was the same as in Figure 26. The short runs at pH
7.15 are included in the figure for purposes of compari-
son. The figure shows that the killing rates did increase
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Table 11
PER CENT OF E. COLI SURVIVING ULTRASONIC VIBRATIONS
IN BUFFERED SAMPLES, LONG EXPOSURE SERIES
Exposure Time pH
minutes 8.0o 8.80
15 55.9 50.6
25 32.5 21.1
40 12.9 5. 06
55 0.72
6o 3.o 
-
70 -. 0054
90 0.328 -
120 0.0225
continually over longer exposure periods. After sonorating
the sample for 70 minutes at a pH of 8.80, the killing rate
was almost instantaneous, that is, the slope of the killing
curve was almost vertical.
As a result of this experimental series, the conclu-
sion is reached that the pH of the suspending medium does
not influence the ultrasonic killing rate over short (less
than 20-minute) time intervals. If the destruction of
microorganisms is carried out over a longer time interval,
the killing effect is greatest at the highest pH.
__i_ _~r
Surface Tension
The surface tension of pure water may be altered by
a variety of compounds. In general, organic materials
such as lipids, carbohydrates, proteins, and alcohols tend
to decrease the surface tension while inorganic compounds
such as sodium chloride, potassium hydroxide, and magnesium
sulfate have the reverse effect ( 4 9 ) .  It is possible that
certain combinations of organic and inorganic compounds
could counterbalance each other so that the surface tension
would be the same as pure water. Generally the effect of
surface tension depressants is much greater than the effect
of an equal concentration of elevators, and the surface
tension of naturally occurring waters or of sewage is usu-
ally below that of pure water.
Both Frobisher (38 ) and Porter ( 9 0 ) pointed out that
decreases in surface tension enhanced the bactericidal
powers of lethal agents such as phenol and hexylresorcinol.
In the formation of cavitation bubbles, Rouyer and
Grabar (96 ) considered the surface tension to be one of the
factors that influenced bubble growth. Since the surface
tension, as defined by Glasstone (39), is equal to the work
done in extending the area of a surface by 1 sq.cm., it is
obvious that the surface tension should be related to the
growth of cavitation nuclei.
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From the considerations above, it seems that the
surface tension might play an important role in determin-
ing the ultrasonic killing rate. Consequently, a long
series of experiments was conducted in which the surface
tension of the suspending medium was altered by the addi-
tion of various nontoxic chemical compounds. The chemical
compounds added were chosen partly because they were used
previously by Pease and Blinks (85 ) in their studies on
cavitation. These studies will be described in detail in
the theoretical discussion of the experimental results.
The compounds used were sodium nitrate, sodium chloride,
sodium benzoate, glycine, leucine, gelatin, peptone, and
nutrient broth. Several concentrations of each compound
were used. In all cases control runs were made with each
concentration of the above compounds. In no case was
there any toxic or stimulative effect exerted during the
period of the control run, 1 hour, with the exception of
the nutrient broth sample which showed growth and the
highest concentration of sodium benzoate (2000 ppm) which
showed a toxic effect. Both of these samples were omitted
from the analysis of test results.
Surface tension was measured by means of a du Nouy
platinum ring torsion balance. The tensiometer was a
standard instrument supplied by Central Scientific Com-
pany. The mean circumference of the platinum ring was
4.00 cm. and the ratio of the radius of the ring to the
141
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platinum wire was 39.5. Surface tension readings on each
sample were repeated at least 5 times, and a weighted
average was taken for the determination.
The results of this series of experimental runs are
presented in Figures 28 and 29, and the complete data for
these two figures and the following figure are given in
Table 12. Since it was desirable to determine the effect
of surface tension on the killing rate of ultrasound,
much of the experimental data which normally would have
been represented by curved lines are shown as straight
lines. The straight lines represent the average killing
rate exerted over the last 30 minutes of the test run.
The reader should be cautioned against a casual comparison
of the killing curves because the ordinates of the figures
are not always identical. It is interesting to note that
some of the samples, such as those containing proteins and
nutrient broth, which were buffered by the chemical com-
pounds added to the test suspension, actually did have
straight-line killing curves. This corresponds to the re-
sults of the turbidity series in which the buffered
fuller's earth suspensions had relatively straight killing
curves compared with the unbuffered kaolin suspensions.
Figure 30 shows the effect of the surface tension
on the ultrasonic killing rater determined from the slopes
of the straight-line portion of the killing curves. The
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FIGURE 30
EFFECT OF SURFACE TENSION ON THE
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Table 12
PER CENT OF E. COLI SURVIVING ULTRASONIC VIBRATIONS IN THE
PRESENCE OF VARIOUS COMPOUNDS WHICH AFFECT SURFACE TENSION
Compound
Dist. Water
Concen -
tration A
ppm 6 15
- O110.0 58.3
Exp osur
itn-
e Time Surface
Ites Tension Killing
25 40 at 200C. Ratedyvne s/cm min-
35. 8 0.132 72.8 0.047
Chloride 8500 80.9 '44.4 10.5 0.154 76.6 0.057
Sodium 200 67.0 28.5 3.72 0.91 73.1 0.063
Nitrate
6oo 67.0 32.9 5.01 0.119 71.4 0.092
Sodium 400 93.8 43.6 8.58 0.026 69.9 0.041
Benzoate
1200 75.7 35.5 11.7 0.103 72.8 0.088
Leucine 200 90.5 50.2 23.1 5.79 69.6 0.035
600oo 107.1 61.3 36.1 12.3 63.7 0.027
1000 128.2 81.o 52.6 25.8 66.4 0.020
Glycine 400 95.4 43.9 17.8 2.33 71.6 0.045
1200 98.5 47.3 16.3 2.94 70.4 0.044
2000 96.8 47.6 16.1 4.32 69.1 0.042
Peptone 25 71.8 30.2 6.2 1.18 71.8 0.056
(Bacto)
75 73.0 29.2 14.1 3.60 70.1 0.037
125 68.2 31.2 14.8 4.23 68.7 0.035
Gelatin 200 132.6 93.8 61.5 14.9 66.6 0.031
600 85.0 65.0 40.8 22.0 61.6 0.018
1000 125.3 88.4 59.6 32.5 59.8 0.017
~ 
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data were treated by linear correlation techniques. The
equation of the theoretical curve is
Y = -4.56 + 0.046 X
where Y is the logarithm to the base 10 of the ultrasonic
killing rate in reciprocal minutes and X is the surface
tension in dynes per cm. In order to show that the theo-
retical curve explains the variation in the values of the
killing rate, an analysis was made of the variation. The
results of this analysis are presented below.
(1) Total Variance 0.0219
(2) Explained Variance 0.0146
(3) Unexplained Variance 0.0073
(4) Coefficient of Determination 0.666
(2)/(1)
(5) Coefficient of Correlation 0.816
(4)1/2
The above information shows that approximately two thirds
of the variation in the killing rate is explained by the
estimating equation, the curve of which is presented in
Figure 30. The coefficient of correlation indicates that
the relation is fairly well correlated. (If the coeffi-
cient had been 1.000, there would have been perfect corre-
lation while a coefficient of 0.000 indicates no correla-
tion.)
~ __ ~ __I__U (C
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A chi square determination of distribution of the
points of Figure 30 indicates that there is only 1 chance
in 70 that the distribution would occur by chance alone.
The estimating equation shows that the killing rate
is not a linear function- of the surface tension, as one
might have suspected from the presentation of Rouyer and
Grabar (96 ). Instead, it is an exponential function of the
surface tension.
Plotting the data of Table 12 in a slightly differ-
ent form, Figure 31 is obtained. The estimating equation
for the curve in Figure 31 is
Y = -13.27 + 6.45 X
where Y is the logarithm to the base 10 of the ultrasonic
killing rate as before and X is the logarithm to the base
10 of the surface tension. An analysis of variance in
this case led to a value of 0.835 for the coefficient of
correlation. This coefficient is practically the same as
that for the previous figure (0.816), and it appears ob-
vious that either presentation of the data gives about
the same statistical reliability.
The previous analysis of the data did not show a
linear variation of the killing rate with surface tension.
This analysis shows that the killing rate is proportional
to the 6.45 power of the surface tension.
FIGURE 31
EFFECT OF SURFACE TENSION
ON THE ULTRASONIC DEATH RATE OF E.COLI
7-
0
63 68 73
LOG SURFACE TENSION at 200C. (dynes/cm.)
78
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B. Investigation of the Effect of Significant
Biological Variables
Cell Morphology
Anderson, et al, (4 ) found that there was a direct
correlation between the complexity of phage structure and
the susceptibility of the phage to ultrasound. Yeast
cells are more susceptible to ultrasound than are bac-
terial cells, and protozoans such as paramecium are still
more susceptible than yeast cells.
These factors indicate that there should be a dif-
ferential rate of bacterial destruction based on morphology.
One would expect, then, that the vibrio species with curved
cells would be more susceptible than the coccus species
with spherical cells.
A word of caution is necessary, however, before the
experimental results are presented. There is no absolute
line of demarcation between bacillary, coccus, and vibrio
forms of the bacterial cell. Oftentimes, it is difficult
to determine whether a given bacterial cell should be
characterized as a short rod or as a sphere. Within the
vibrio species the cells vary in shape, some having a
typical bacillary form, others being slightly curved.
In this experimental series, the lethal action of
ultrasound on 8 different types of organisms was
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investigated quantitatively. Two bacterial species were
examined qualitatively for the inhibition of their normal
biochemical activities. The eight organisms included
Endamoeba histolytica, Vibrio phosphorescens, Bacillus
subtilis, Salmonella typhosa, Escherichia coli, Strepto-
coccus fecalis, Staphylococcus aureus, and an unidentified
beta hemolytic streptococcus. The two organisms examined
qualitatively were Serratia marcescens and Chromobacterium
violaceum.
Because of the nature of the organism, the studies
on the cysts of Endamoeba histolytica were necessarily
quite different from those on the bacterial species. The
protozoan culture, obtained through the courtesy of Dr.
S. L. Chang*, was the NRS strain which had been used ex-
tensively in research work. The culturing technique fol-
lowed was similar to that of Chang (2 3 '4 ) . The culture
was normally carried on Boeck-Drbohlav egg medium on which
the organisms existed as active trophozoites. Three to 4
days before the subculture was to be used in the testing
procedure, the organisms were transferred to an encystment
medium which was made up with M/30 phosphate in 0.4 per
cent sodium chloride solution as recommended by Chang.
The cysts were removed from the culture tubes and centrif-
ugal at 1500 rpm for 15 minutes. The sediment was suspended
Department of Engineering, Harvard University, Cambridge.
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in sterile saline solution and transferred aseptically to
the test cell. Cyst determinations were made as described
in the section on experimental techniques. During all of
the culturing and enumerating techniques, wide-mouthed
pipettes were used to insure representative sampling.
The results of the test runs on Endamoeba cysts
are presented in Table 13 and Figure 32 where the killing
rate is compared with that of Saccharomyces cerevisia as
determined by Preston (91 ) and of Escherichia coli. The
structural difference in cellular morphology among the
three organisms is very pronounced. The killing rates of
the organisms were likewise significantly different, the
results tending to confirm the expectations indicated in
the first paragraph of this section.
The results of the studies on Endamoeba histolytica
are of interest to the sanitary engineer. It is well
known that the cysts of histolytica are remarkably resist-
ant to disinfection by chlorine, in some cases surviving
dosages as high as 500 ppm(26 ,95). Sanitary engineers(123)
are aware of the potential dangers resulting from high
chlorine resistance of cysts. The application of high in-
tensity sonic energy should insure complete destruction of
such forms.
In the series of experiments with bacterial species
of differing cellular morphology, the culturing and
__ ___1
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(after Preston)
FIGURE 32
RELATIVE ULTRASONIC DEATH
RATES OF ENDAMOEBA HISTOLYTICA,
SACCHAROMYCES CEREVISIA,
AND ESCHERICHIA COLI
4 6 8
EXPOSURE TIME, Minutes
mExposure Time
seconds
5
10
15
30 a
60 b
Per Cent
Surviving
42.0
34.4
15o6
8.34
3.27
0.00
Notes:
a. After sonoration, 1 sample was centrifuged,
and the sediment was inoculated onto egg
slants. Observations after 96 hours' incu-
bation at 370C. showed moderate growth.
b. After sonoration, 2 samples were centrifuged,
and the sediment was inoculated onto egg
slants. After incubation as above, observa-
tions showed no growth in either case.
counting techniques described in the section on experimental
methods was used for all the organisms except Salmonella
typhosa and the unidentified beta hemolytic streptococcus.
Since both of these organisms were pathogenic, special care
had to be exercised in all of the culturing and test proce-
dures. Both organisms were carried in brain heart infusion
p. _~~~, -- milbibb -Z
Table 13
PER CENT OF ENDAMOEBA HISTOLYTICA CYSTS SURVIVING
ULTRASONIC VIBRATIONS AT 60oF.
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broth* in the same manner as other organisms were carried
in nutrient broth. Salmonella typhosa was plated on brain
heart infusion agar while the unidentified beta hemolytic
streptococcus was enumerated on blood agar to determine if
there was any effect on the hemolytic properties of the
organism.
The results of this experimental series are pre-
sented in Figure 33 and Table 14. The figure shows that
Table 14
PER CENT SURVIVAL OF VARIOUS BACTERIAL SPECIES
SUBJECTED TO ULTRASONIC VIBRATIONS
Exposure Time
minutesSpecies
Vibrio phosphorescens
3
14.6
6
6.56
159
3.79
25
4.78
4o0
2.91
60
0.525
Bacillus subtilis 74.8 46.2 10.0 3.47 0.79 0.125
Salmonella typhosa 68.0 50.8 19.1 8.12 2.36 0.049
Escherichia coli 80.5 60.8 24.0 11.6 1.22 0.172
Streptococcus fecalis 139.6 144.2 141.1 125.6 94.4 0.009
Staphylococcus aureus 137.9 138.0 118.9 98.3 69.3 53.1
Unidentified beta
hemolytic strepto- 205.0 178.7 142.8 112.4 32.4 0.047
coccus
* Difco Laboratories, Detroit, Mich.
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--
156
EXPOSURE TIME, Minutes
_ __ __
157
even within a class of microorganisms such as the bacteria,
the killing rates may be differentiated on the basis of
cellular morphology. The distinction between the various
killing rates was not as marked in this case as it wvas in
the previous case, but neither was the difference in cell
structure.
The figure shows that the three types of cell struc-
ture represented - bacillus, coccus, and vibrio - re-
sponded quite differently to the destructive action of
ultrasound. The coccus forms show initial increases in
the bacterial count. This increase is attributed to the
method by which the bacteria were enumerated and to the
method of cellular reproduction. The coccus forms, espe-
cially, tend to grow in clumps as they reproduce. The ac-
tion of the cavitation-produced shock wave on these clumps
of bacterial cells has two effects. In the first place,
the clumps are broken up, and the individual cells are
scattered throughout the medium. Secondly, individual
cells are destroyed. The relative rates of these two ef-
fects determines whether or not the bacterial numbers ap-
pear to increase. The bacterial enumeration by the plate
count method does not distinguish between a colony which
originated from a single cell and one which originated
from a large clump of cells. From the results shown in
Figure 33 one would conclude that the rate of cell disper-
sion exceeded the rate of cell disintegration initially
_ .'k I ILUY -. - L y
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but that this relationship was reversed after a short
time. The degree to which the bacterial numbers appear
to increase depends, to a certain extent, on the amount
of agitation the culture tube and test sample received
before the ultrasonic treatment started. If the clumps
had been broken up sufficiently beforehand, the apparent
increase in bacterial numbers would not have occurred.
The shape of the ultrasonic death curve of Vibrio
phosphorescens, although unusual, is the result of a sta-
tistical analysis of 20 runs. Ten runs were made ini-
tially resulting in a killing curve similar to that indi-
cated in the figure. Because of the unusual shape, the
10 runs were repeated 2 months later and essentially the
same results were obtained. Part of the explanation for
the shape of the curve is that the cells of Vibrio phos-
phorescens grow in both a rod and a comma configuration.
Bergey's Manual(l6 ) indicates that the organism might be
classified either as a vibrio or as a bacterium. Under
these circumstances it is possible to conceive of two
characteristic killing rates for the organism, one for
each cell configuration. The comma-shaped cells, being
more susceptible, are destroyed rapidly resulting in an
initial high killing rate. Soon most of the comma-shaped
cells are destroyed, leaving only the rods, and a lower
killing rate is exhibited. The increase in bacterial
..E*L U--- Y IIILL --
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numbers shown by the killing curve between 15 and 25 min-
utes is somewhatdeceptive in that the increase represents
a difference of only 1 per cent (see Table 14). There is
no apparent reason for the bacterial numbers to increase
after 15 minutes' treatment other than a statistical vari-
ation.
The two chromogenic bacteria, Serratia marcescens
and Chromobacterium violaceum, were sonorated to determine
if there was any inhibition of their ability to produce
pigment. The results showed that the sonorated organisms
surviving untrasound were all pigmented in the same fashion
as the untreated organisms. Apparently, if the cells were
not ruptured (killing the organism), there was no inhibi-
tion of their ability to produce pigment. A similar fact
was noted in the study of the beta hemolytic streptococcus.
As long as the organism survived, it retained its hemo-
lytic characteristics.
Growth Phase
Chambers and Gaines (2 2 ) reported that the age of
the bacterial culture was a factor affecting the suscepti-
bility of organisms to ultrasound. It was necessary,
therefore, to obtain information on the effect of culture
age in order to prepare bacterial suspensions properly for
testing purposes. It was important to find out how long
the culture should be incubated before being used in the
_ _~-IWuu-~ -ry I
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test procedure and how sensitive the ultrasonic death rate
of the organism would be to small variations (plus or
minus 3 hours) in the age of the culture.
Each test sample was prepared by inoculating a 99-ml
portion of sterile nutrient broth with 1 ml of a 24-hour
culture of E. coli, at an appropriate time interval before
the test was to begin. The inoculated samples were incu-
bated at 370 C. until ready for sonoration.
The incubation period depended on the particular
phase of the growth cycle in which the organisms were to
exist. The growth cycle was determined by inoculating
99-ml bottles of nutrient broth as above, withdrawing sam-
ples periodically, and plating them on nutrient agar.
Figure 34 represents the average results of 3 runs. The
lag phase lasted about 2.5 hours and the logarithmic
growth phase about 5.5 hours. The period of maximum bae-
terial numbers occurred approximately 37 hours after the
culture was started.
Test samples were prepared in which the culture
age was strategically located with respect to the growth
cycle. The samples used and their approximate signifi-
cance to the growth cycle were as follows:
a. 0 hours (actually about 6 minutes) start of culture
b. 2.5 hours end of lag phase
c. 5 hours middle of logarithmic growth phase
.~e~YLCYV -QY f
BACTERIAL NUMBERS (37 h)
D OF LOGARITHMIC
OWTH PHASE (8h)
FIGURE -34
GROWTH OF E.COLI IN
NUTRIENT BROTH AT 37* C
IO3 .- END OF LAG PHASE (2.5 h)
CULTURE AGE (hours)
'6
10
4xO1
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d. 8 hours end of logarithmic growth phase
6. 30 hours period of maximum numbers
f. 96 hours beginning of old age
g. 192 hours old age
In order to make certain that the culture medium
itself was not responsible for the change in the killing
rates, surface tension and pH determinations were made on
control samples set up identical with but independent
of the test samples. There was no significant variation
in the surface tension of the medium over the period of
192 hours, but the pH values did change slightly and are
included in the results.
The results of this series of experiments are pre-
sented in Figure 35 and Table 15. The killing rates were
determined in the same manner as before from the curves
in Figure 35. Figure 36 shows the relationship between
the ultrasonic killing rate and the bacterial growth phase.
As the bacteria grew in the culture medium, the killing
rate increased, reaching a peak just at the end of the lag
phase. During the logarithmic growth phase the killing
rate dropped off rapidly and reached a minimum approxi-
mately at the period of maximum bacterial numbers. After
that, the killing rate increased continuously.
The killing rate at the beginning of the growth
cycle was approximately the same as that at the period of
;~PILYI Y I~- YL ---
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FIGURE 35
EFFECT OF CULTURE AGE
z ON THE ULTRASONICw
o DEATH RATE OF EIQQL
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Table 15
PER CENT SURVIVAL OF ULTRASONIC VIBRATIONS
BY E. COLI OF VARIOUS AGES
Exposure Time
minutes
15
44.5
9.45
31.2
70.2
92.8
50. 2
7.66
25
27. 8
2.92
10.1
41.1
54.3
21.8
1.28
40o
14.0
o0.69
3.59
17.6
25.1
8.04
0.23
Killing Rate
minutes-1
0.023
0.059
0.037
0.024
0.022
0.034
0. 071
maximum numbers. This was undoubtedly due to the fact that
the inoculum was a 24-hour broth culture. The killing rate
was dependent on the condition of the bacterial cell and
not on any changes in the culture medium. It will be noted
from Table 15 that the pH of the medium varied slightly
during the growth phase. This slight variation was not
great enough to account for the change in killing rates,
especially those in which the culture age was less than 30
hours. When the pH of the suspending medium exceeded 8,0,
the pH might have contributed to the killing rate, but its
lethal action would still not be significant enough to ac-
count for the wide variation in killing rates.
Culture
Age
hours
0
2.5
5
8
30
96
192
6
91.9
47.1
77.3
111.2
141.6
109.5
30.8
pH of
Medium
6.70
6.70
6.20
6.35
7.50
8.00
8.45
_ --- -1
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It was mentioned in the section on experimental
techniques that a 24-hour culture of E. coli was used for
most of the tests. This culture age was selected because
it led to minimum killing rates. From the standpoint of
the possible application of ultrasound, the germicidal
effect was investigated under the most rigorous test con-
ditions. One other important reason for using a 2k-hour
bacterial culture was the insensitivity of the killing
rate to large fluctuations in the culture age about this
point. Between 10 and 40 hours, the killing rate did not
change appreciably.
Presence of Capsule
The mechanical integrity of the bacterial cell is
maintained by the cell wall. In instances where the bac-
teria are encapsulated, it seems likely that the capsule
would increase the strength of the cell wall markedly
and, therefore, decrease the effect of ultrasound on the
organisms to a great degree.
In order to determine whether or not increased me-
chanical integrity of the cell would result in decreased
susceptibility to ultrasound, a series of experiments was
conducted in which the test organism was the typical
acid-fast bacterium, Mycobacterium phlei. This organism
was chosen because, although the size was somewhat
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smaller, the shape of the bacterial cells was the same as
that of E. coli. The significant physical difference be-
tween the two organisms was the existence of a waxy cap-
sule around the cells of the acid-fast bacterium. This
particular species of acid-fast bacteria was chosen because
of, its cultural characteristics. The organism was carried
on brain heart infusion broth in the normal manner, test
suspensions being made up from 24-hour cultures. The bac-
terial enumeration was described in a previous section.
The results of this series of experiments are pre-
sented in Table 16 and Figure 37 where the death rate of
the acid-fast bacterium is compared withthat of E. coli.
The figure shows that the death rate of M. phlei was
markedly less than that of E. coli when the organisms were
sonorated in pure culture. The tendency of waxy bacteria
to form clumps is well known and is indicated by the large
initial increase in bacterial numbers.
A second series of experiments, illustrated in the
above table and figure, was made to determine whether or
not the presence of M. phlei would have any effect on the
death rate of E. coli. This series was possible because
of the difference in the growth rates of the two organisms
on nutrient agar. After 24 hours' incubation at 370 C.,
plate counts were made of the coliform colonies which were
___U___I I_
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Table 16
PER CENT SURVIVAL OF E. COLI AND M. PHLEI IN PURE AND
MIXED CULTURES EXPOSED TO ULTRASONIC VIBRATIONS
Exposure Time
Bacterial minutes
Suspens ion 6 15 25 40 60
Pure culture
E. coli 60.8 24.0 11.6 1.22 0.17
M. phlei 327.5 293.5 181.2 94.6 54.2
Mixed culture
E. coli 87.6 57.3 20.7 8.22
M. phlei 317.0 211.0 164.4 85.1
Total count 192.8 14 8 .0 98.6 46.7 -
fairly large and easily distinguishable from the minute,
barely perceptible colonies of M. phlei. After 96 hours'
incubation, the plates were recounted, again differentiat-
ing between the two organisms, and the enumeration of
M. phlei was accomplished.
The figure shows that the presence of M. phlei did
inhibit the lethal action of ultrasound on E. coli. The
death rate of the acid-fast bacterium did not seem to be
affected by the presence of the coliform organisms. The
total count has no basic significance except that it does
indicate the average killing rate exerted during the
test. The reason for the decrease in the ultrasonic
__ __ __
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death rate of E. coli will be discussed in detail in the
theoretical discussion.
Lysozyme Weakening of Cell Wall
It was indicated above that the mechanical integ-
rity of the cell is dependent on the strength of the cell
wall. The strength of the wall, therefore, should deter-
mine the rate at which the organisms are destroyed by
cavitation-produced shock waves. The enzyme, lysozyme, is
capable of attacking the cell wall of certain organisms
and impairing its mechanical resistance(13,63, 12 2)
Unfortunately, E. coli is not influenced by the
enzyme(13), and it was necessary to find an organism which
responded to ultrasonic treatment and which was also lyso-
genic. Thompson and Khoraza(11 3 ) indicated that some
yellow pigmented staphylococci were lysogenic, but that
white- and orange-pigmented staphylococci were not af-
fected. Kern, et al, found that Staphylococcus
aureus was lysogenic, but they pointed out that a very
high lysozyme concentration was needed. Welshimer and
Robinow(122) reported on the susceptibility of Bacillus
megatherium to small doses of lysozyme. Since this organ-
ism was susceptible to ultrasound, it was used in the test
procedure. A special lysogenic strain, B. megatherium 899,
was kindly supplied by Dr. H. L. Welshimer* for the experi-
mental work.
* Medical College of Virginia, Richmond, Va.
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The concentration of lysozyme required for the de-
struction of the test organism selected was reported to
be 4pg per ml(122). However, since it was desirable to
impair the cell wall of the organisms without destroying
them, and because Boasson(13) had reported that the lytic
velocity was a function of the lysozyme concentration,
several control runs were made to determine a concentra-
tion that would weaken the cell wall without effecting a
rapid killing rate. As a result of these control runs,
a lysozyme concentration of 14g per ml was selected. The
lysozyme, obtained in a crystallized form from the Armour
Laboratories, Chicago, Illinois, was dissolved in dis-
tilled water and sterilized by filtration through a Seitz
filter.
The results of this experimental series are pre-
sented in Figures 38, 39, and 40 and in Tables 17 and 18.
Figure 38 and Table 17 give data for the control runs in
which l4g per ml of lysozyme was"added to the bacterial
suspension. Even at this low concentration, the lethal
effect of lysozyme was pronounced. The figure shows that
the lethal action of lysozyme is not constant over ex-
tended time periods. However, it is possible to distin-
guish two overlapping time periods, A and B, within which
the killing rate was approximately constant. The killing
rate exerted during the period starting 10 minutes after
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LETHAL ACTION OF LYSOZYME
ON BACILLUS MEGATHERIUM 899
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Table 17
PER CENT OF B. MEGATHERIUM 899 SURVIVING IN A LYSOZYME
CONCENTRATION OF 1 4g PER ml
Exposure Time, minutes 0 20 40
Per Cent Surviving 100.0 23.9 6.17 4.80 2.o06
Table 18
PER CENT OF B. MEGATHERIUM 899 SURVIVING ULTRASONIC
VIBRATIONS IN LYSOZYME SOLUTIONS
Sample
Reference, no lysozyme added
Exposure Time
minute s
6 15 25 40
174.0 173.6 141.3 101.8
1 g/ml of lysozyme added
10 minutes before sonoration 195.2 158.2 64.3 36.6
1 g/ml of lysozyme added
40 minutes before sonoration 157.6 159.1 105.6 47.4
6o 90
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the bacterial suspension had been inoculated with lysozyme
was quite different from that during the period starting
40 minutes after inoculation. For this reason two sets of
test runs were made in which the lysozyme was added 10
minutes before sonoration started in one case and 40 min-
utes before in the second case.
The results of the sonoration of lysozyme-treated
suspensions of B. megatherium 899 are given in Figure 39
and Table 18. The figure shows that the addition of lyso-
zyme to the bacterial suspension resulted in an increase
in the killing rate. Figure 40 shows the killing rates
compensated to exblude the lethal effect of lysozyme. The
killing effect of lysozyme indicated in Figure 38 for each
time range was subtracted from the gross killing effect
shown in Figure 39. Since the gross killing rates were
complicated by the factor of clump dispersion, the com-
pensated rates were determined only for the straight-line
portion of the killing curves. Figure 40 shows that the
killing rate of the lysozyme-treated suspensions was not
much greater than that of the reference suspension. How-
ever, since the results are based on a statistical analy-
sis of the data taken from 8 runs in each category, it
may be concluded that the action of lysosyme was such as
to increase the ultrasonic death rate of the organisms.
FIGURE 39
EFFECT OF LYSOZYME ON
ULTRASONIC DEATH RATE
BACILLUS MEGATHERIUM
L
C
B
A- Ipg/ml of lysozyme added \ A
40minutes before sonoration
C No lysozyme added
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FIGURE 40
EFFECT OF LYSOZYME ON THE
COMPENSATED ULTRASONIC DEATH
OF BACILLUS MEGATHERIUM 899
A-- Ig/ml of lysozyme added
10 minutes before sonoration
B- Ipg/ml of lysozyme added
40 minutes before sonoration
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The distinction among the killing rates is not over-
whelming. The explanation may be that despite the lowered
concentration, there were few instances in which bacteria
had their cell walls weakened without being killed. If
this were the case, it would be difficult to show a com-
pensated rate that was very much different from the refer-
ence killing rate. Nevertheless, the killing rate was
somewhat different from the reference rate, and this rate
increase is attributed to the action of the lysozyme on
the cell wall.
Formaldehyde Strengthening of the Cell Wall
Formaldehyde (HCHO), according to Dubos( 31 ), is cap-
able of reacting with organic groups, especially amino and
hydroxyl groups which are abundant in proteins and nucleic
acids. By releasing a hydrogen atom from two such groups
(see Figure 41) on separate molecules, it forms methylene
bridges which link the molecules permanently. It is con-
ceivable that by such a process, the cell wall may be stif-
fened. Since the cell wall does have some elasticity (66 ,90 )
the addition of a stiffening agent (formaldehyde) should
increase the resistance of the cell to ultrasonically pro-
duced shock waves.
Control runs were made at 10 different formaldehyde
concentrations. From the results obtained, 3 concentrations
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FIGURE 41
MECHANISM OF CELL WALL STIFFENING BY FORMALDEHYDE
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were selected in the critical range in which the formal-
dehyde was just beginning to show a significant lethal
effect. The results of these control runs are indicated
in Table 19 and Figure 42 as the solid curves. The same
Table 19
PER CENT OF E. COLI SURVIVING VARIOUS CONCENTRATIONS OF
FORMALDEHYDE IN THE PRESENCE AND ABSENCE OF ULTRASOUND
Formaldehyde Exposure Time
Concentration Ultrasound minutes
ppm 6 15 20 25 40 60
0 Present 102.7 72.6 - 35.3 4.77 -
37 Present 150.8 96.9 - 53.4 17.1 -
Absent - - 98.0 - 78.1 46.8
74 Present 103.1 69.9 - 39.5 10.9 -
Absent - 5 0.4 - 33.7 10.5
740 Present 50.9 37.2 - 23.3 7.98 -
Absent - - 34.5 - 9.95 0.223
formaldehyde concentrations were used in bacterial suspen-
sions prepared for sonoration, the formaldehyde being
added inmmediately before sonoration started. The results
of this series of test runs are presented in the same
table and figure; the dashed lines indicate the combined
formaldehyde-ultrasound killing rates.
1 I I I I I
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The figure shows that contrary to expectations the
sample with the highest formaldehyde concentration exhib-
ited the highest killing rate. However, if the lethal
effect of formaldehyde is deducted from the gross killing
rate in the same manner as the chemical and acoustical
rates were separated in the previous section, the ultra-
sonic killing rates of Figure 43 result.
This figure shows that, as the formaldehyde concen-
tration increased, the killing rate did decrease. When
the formaldehyde concentration was very high, the figure
indicates a negative killing rate was exerted. This means
that the slope of the gross killing curve for this concen-
tration was not as great as the slope of the formaldehyde
killing curve. This probably resulted from the dispersion
of clumps throughout the medium and from the fact that the
formaldehyde-stiffened cell wall was not ruptured easily
by the cavitation-produced shock waves.
C. Qualitative Observations of Cell Destruction
In order to determine the extent to which individual
bacterial cells are ruptured by ultrasonic vibrations,
electron micrographs were made of sonorated E. coli cells.
The micrographs, prepared through the courtesy of Dr. C.
E. Hall*, are presented in Figure 44. The upper portion
Biology Department, M.I.T.
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FIGURE 44 Untreated and Treated E. coli Cells
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of the figure shows three Wp~2 al,untreated E. colU cells.
The lower portion of k~i figure shows cell fragments from
a sonorated suspenst ';x The figure indicat -that the
bacterial cells w e violently disrupted, fq the frag-
ments are jagged aA do not give the appearance of having
been slowly lysed. The cell is not only ruptured, but the
pieces of the ruptured cell iat then torn further until
only small fragments remain.
In Figure 45 are micrographs of ultrasonically de-
stroyed E. coli cells which were furnished through the
courtesy of Dr. Paul Kabler*. The appearance of the de-
stroyed cells is characteristically different from that in
the previous figure. In most cases the cell walls, al-
though obviously not intact, have not been torn exten-
sively. The upper portion of the figure shows a de-
stroyed cell, A, which still has much of its protoplasm
left. Cells B and C are ghost cells from which the inter-
cellular contents diffused leaving only the cell wall. In
the lower figure the intercellular material appears to be
just passing through the violated cell wall of cells, D
and E.
An important difference between the two sets of
micrographs is that one shows only cellular fragments re-
maining while the other shows cells in which the cell
wall has retained its original size and shape. It is
Environmental Health Center, Cincinnati, Ohio.
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believed that this striking difference in the cellular
destruction resulted from a significant difference in the
amount of acoustical energy applied to the test suspen-
sion. The ultrasonorator used in this research was oper-
ated with acoustic intensities that probably could not be
matched by many other types of generators (excluding focussed
ultrasound). Higher acoustic intensities mean that cavi-
tation occurs more frequently and perhaps more violently.
In the following section, the implications of higher
energy sound will be discussed, and sorrie of the inconsis-
tencies between the experimental work of this thesis and
of previous work reported in the literature will be ex-
plained on the basis of significant differences in acous-
tic intensity applied to the sample suspension.
p
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A. Substantiation of Previous Investigations
Acoustic Intensity and Ambient Pressure
The results obtained in the experimental work of this
thesis have in many instances confirmed the findings of pre-
vious workers. In so doing, the results tend to substanti-
ate the proposal of the lethal mechanism, namely, that the
shock wave formed on the collapse of the cavitation bubble
causes the rupture of the bacterial cell wall and kills the
organism.
The results of the studies on ambient pressure and
on acoustic intensity indicated the necessity of the for-. --
mation of cavitation in order that the lethal mechanism may
operate. It was demonstrated that excess hydrostatic pres-
sure decreased the ultrasonic killing rate significantly
because it suppressed the formation of cavitation. It was
also shown that the acoustic intensity had a pronounced
effect on the killing rate which was correlated to cavita-
tion formation. It was pointed out that both of these fac-
tors suppressed cavitation formation because they inhib-
ited the production of low pressure zones in the water
which were necessary to the growth of micro gas bubbles.
Therefore, it seems reasonable to conclude that cavitation
is necessary for the destruction of microorganisms exposed
to ultrasound as was pointed out in the previous literature.
-- -~~- -'-l-Bc-------- ~-
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Structural Strength of Bacterial Cell
The susceptibility of the bacterial cell to the cavi-
tation-produced shock wave was demonstrated previously to be
a function of the strength of the cell wall. This factor,
indicated in a number of different ways, substantiates the
hypothesis that the cell is destroyed by mechanical rather
than chemical or thermal means. The relationship of cellu-
lar morphology to the structural strength of the bacterial
cell was pointed out, and it was indicated that variations
in the strength caused by morphological differences induced
corresponding variations in the susceptibility of the organ-
ism to ultrasound. The relation was substantially in agree-
ment with that demonstrated by Anderson and his associates (4 )
Chemical conditioning of the cell wall indicated that
strengthening of the membrane led to decreased lethal action
while weakening of the membrane led to increased lethal ac-
tion. The growth phase in which the organisms existed
altered the ultrasonic killing rate. However, the influence
of the growth cycle on the structural strength of the cell
was not fully explained.
Dubos (30 ) pointed out that bacterial cells increase
in size during the period of the lag phase, the increase
being the result of increasing osmotic pressure within the
cell as the organisms metabolize without dividing.
190
Knaysi 6 6 ) presented the curve reproduced in Figai e & 6 to
show the increase of turgor* during the lag :phase and its
FIGURE 46
VARIATIONS IN OSMOTIC PRESSURE DURING
THE GROWTH CYCLE OF E.COLI
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subsequent decrease during the logarithmic growth phase.
The figure shows that the maximum turgor experienced by
E. coli was 15 atmospheres. Knaysi stated that the eyto-
plasmic membrane and the cell wall were stretched by the
turgor forces.
The variation of turgor follows closely the changes
in the ultrasonic killing rate. This is not surprising
Turgor is defined as the difference between the osmotic
pressure within the cell and that of the suspending
medium.
I- --~L9---
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when one considers the physical nature of the cell wall.
Wamosaher(1 1 7 ) showed that the cell wall was an extremely
elastic, solid structure. Knaysi pointed out that the cell
wall had the properties of rigidity, elasticity, and duc-
tility. In other words, the cell wall seems to behave very
much the same as an ordinary structural member. Therefore,
it is to be expected that, if the cell wall is strained (by
the forces of turgor), it is less able to withstand high
intensity shock waves directed at it by cavitation.
The turgor decreases during the logarithmic growth
phase reaching a minimum shortly after the end of this
period. Thereafter, the turgor remains constant. The le-
thal action of ultrasound decreases in a corresponding
fashion remaining constant for a long period, but it
finally increases sharply as old age overtakes the culture.
The variation in turgor and its effect on the structural
resistance of the cell wall would account for the initial
variations in the killing rate but cannot account for this
important, sudden increase.
As cells pass into the period of old age, the perme-
ability of cellular membranes increases. Although the
process of selective permeability is not understood
exactly, credit is generally given(30, 6 6 , 9 0 ) to the con-
cept that the pores in the membranes are enlarged during
periods of greater permeability. Since the cell sise does
,",~oull-"p(~ sa l_--L. I^
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not change appreciably after the logarithmic growth phase,
the increased pore size implies that there is less material
in the membrane. Probably, a situation similar to the
lysozyme destruction of the cell wall develops in which
the strength of the membrane is decreased, and the lethal
action of ultrasound is accelerated.
Thus, variations in the ultrasonic killing rate dur-
ing the growth cycle may be explained on the basis of the
structural strength of the cell wall. The dependence of
the organism on the strength of the cell wall for resis-
tance to the lethal action of ultrasound, demonstrated in
several ways, tends to substantiate the conclusions of the
proposed hypothesis.
B. Apparent Discrepancies in Lethal Mechanism
The lethal mechanism proposed previously indicated
that cavitation was formed as the result of the growth of
micro gas bubbles during the low pressure phase of the
sound wave. However, some of the experimental results
have led to a serious questioning of the importance of gas
nuclei as sources of cavitation bubbles which may exert
significant lethal action during the period of sonoration.
Surface Tension
Rouyer and Grabar (96) and Noltingk and Neppiras( 8 0)
indicated that the growth of air bubbles was affected by
_ f'riWcur--- -PPICk_- . -
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the surface tension of the water in which they were growing.
They both showed, in entirely different derivations, that
the formation of cavitation bubbles from gas nuclei was a
linear function of the surface tension. The results of
the experimental work in this thesis showed that the lethal
mechanism was indeed dependent on the surface tension of
the water. However, the lethal action, which depends on
the formation of cavitation bubbles, was not a linear
function of the surface tension, but rather it was an expo-
nential function, or, at best, it was a function of the 6.5
power of the surface tension. Obviously there is a signif-
icant discrepancy between the predictions of the lethal
mechanism and the observed results.
Gas Content
A second questionable factor concerning the role of
the micro gas bubble in the lethal action of ultrasound
concerns the necessary location of the cavitation bubble
close to the bacterial cell wall. Noltingk and Neppiras( 8 0)
pointed out that the peak of the cavitation-produced shook
wave occurs approximately 1 to 2 microns from the collapse
center of the cavity. The intensity of the shook wave de-
creases rapidly as the distance from the collapse center
increases because of elastic absorption of energy by the
water structure. Unless the collapse center is adjacent
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to the bacterial surface, the shock wave is absorbed suffi-
ciently by the intervening water structure so that the cell
wall remains whole and the organism survives.
Previous workers considered the possibility that dust
particles might nucleate the water structure because of the
adherence of micro gas bubbles to surface fissures. The
fact has been substantiated that surfaces formed within the
liquid structure do not contain micro bubbles. Crystals
added to water nucleated the structure until the outer sur-
face of the crystal was dissolved. New crystal surfaces
formed in the water did not nucleate cavitation.
The bacterial surface consists of layers of material
that are constantly being produced within the liquid. The
presence of gas bubbles in or on the bacterial surface was
not reported in the literature reviewed, and their presence
on the surface is not compatible with the concepts of bac-
terial metabolism. Therefore, if cavitation is to occur
adjacent to the cell wall, it must be nucleated by the
chance encounter of micro gas bubbles with the bacterial
cell.
If the chance encounter of gas nuclei and bacterial
cells is required for the operation of the lethal mechan-
isn, the killing rate should be an exponential function of
the number of gas nuclei present. This reasoning is simi-
lar to that used to explain the logarithmic killing rate
of chemical disinfectants. That is, as the number of
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molecules of disinfectant becomes less, the chance en-
counter of the bacterial cell with the molecule decreases
exponentially. It is certainly true that the ultrasonic
killing rate is logarithmic in character, and this tends
to substantiate the argument that the lethal action of
ultrasound is dependent on the chance meeting of a micro
bubble and a bacterial cell (at the exact time that the
low pressure zone will cause the bubble to grow), How-
ever, other experimental results obtained in this investi-
gation showed that the gas content, and hence the number
of micro nuclei, of the suspending medium was not a criti-
cal factor.
The results showed that the gas content was not
well correlated with the ultrasonic killing rate. The
small degree of correlation that did exist indicated that
the killing rate was not an exponential function.
Acoustic Intensity
A third factor that throws doubt on the necessity
of micro gas bubbles is the variation of the killing rate
with the acoustic intensity. If the growth of gas bub-
bles were a significant factor, the acoustic intensity
would only affect the killing rate when the sound pres-
sure variations were so small that low pressures, ap-
proaching the vapor pressure, were not attained. However,
----
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the results of the experiments on the acoustic intensity
showed that there was a significant decrease in the ultra-
sonic killing rate even when the tensile stress (negative
pressure) in the water decreased from 11.5 to 8.8 atmos-
pheres. The sound pressure variations were approximately
10 times as large as those necessary to reach the vapor
pressure, and yet decreases in the acoustic intensity re-
sulted in decreases in the killing rate.
Reinterpretation of Previousl y Assigned Role of Gas Content
With these many factors indicating that the micro
gas bubble does not play a significant role in the lethal
action of ultrasound, it seems wise to review the previous
literature again and determine the circumstances that led
investigators to attribute so much importance to gas nu-
clei. Upon careful scrutiny, it will be found that previ-
ous workers generally based the above conclusion on the
fact that the lethal action of ultrasound was always evi-
denced when the suspending medium was saturated with gas,
while it was absent when the medium was apparently gas
free. Reading the literature closely, one finds, either
by implication or explanation, that bacterial samples in
which there were presumably no gases present were sono-
rated under vacuum.
A point to realize here is that, even if all the
gas nuclei were removed from the sample (by simple
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evacuation?), dust particles still remained to nucleate
the cavitation. One would be inclined to consider that
cavitation did occur in the evacuated bacterial suspen-
sions, but that for some reason it did not destroy the bac-
teria.
It is probable that the answer is concerned with the
violence of the collapse of the cavitation bubbles. Placing
water under a vacuum causes it to vaporize rapidly. The
water molecules tear away from one another spontaneously.
Since cavitation bubbles contain large amounts of gas, the
collapse of the bubble is well cushioned, and the lethal
shock waves are not formed. Under conditions when water is
saturated with gas at atmospheric pressure, the cavitation
bubble probably does not contain a large amount of gas that
would reduce the shock effect similarly.
A simple calculation will show that ultrasound at a
frequency of 400 kilocycles produces bubbles whose life is
probably about 1 microsecond. Noltingk and Neppiras( 80)
used a complex mathematical derivation and determined that
the life of the bubble was about 1.5 microseconds. In
this short time period, it is inconceivable that a signif-
icant amount of gas could migrate through the liquid
structure and diffuse into the cavitation bubble. Knapp
and Hollander (6 5) experimented with hydrodynamically pro-
duced cavitation (in a high speed water tunnel) and actually
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measured the life of the cavitation bubble which was 3
milliseconds. Even with this comparatively long life,
the authors concluded that dissolved air plated an insig-
nificant role in bubble growth.
Thus it may be seen that significance attached to
the gas nuclei by past investigators may be discredited
to a certain extent, and one might well conclude that the
role of the gas bubble in the lethal action of ultrasound
is not of great importance. This substantiates the inter-
pretation of the experimental results indicated previously.
The problem of greatest importance now becomes one of de-
termining what is responsible for cavitation formation,
which is essential to the lethal action, if it is not the
growth of gas nuclei.
C. Rupture of Intermolecular Bonds
If discontinuities of appreciable size are formed
in the liquid structure (the definition of cavitation being
the formation and collapse of discontinuities) and are not
caused by the growth of gas nuclei, to what may the forma-
tion of cavities be attributed? It seems that there are
two alternatives. Either gas bubbles must form saontane-
ously in the water, or else the molecular structure of the
aqueous suspending medium must be disrupted with the pro-
duction of ruptures or tears in the liquid.
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The first alternative, spontaneous formation of gas
bubbles, may be discarded immediately by a consideration
of the statistical chances of enough gas molecules being
in one place at the same time in order to form a bubble.
This leaves the proposition that cavitation forms as the
result of ruptures in the liquid structure. In order to in-
vestigate this consideration more closely, it will be wise
to examine some of the experimental results in the light of
the theoretical knowledge of the molecular structure of
water.
Molecular Structure of Water
Because of the partial ionic character of the water
molecule and because the configuration of the atoms within
the molecule causes the formation of a dipole moment,
water molecules are often considered to exist in a loose
crystalline lattice. Each molecule of water is probably
arranged in such a fashion that its hydrogen atoms are di-
rected toward oxygen atoms in adjacent molecules. Each
oxygen atom is linked to two hydrogen atoms by primary
bonds and to two others by secondary valence bonds. This
leads to a loose crystalline structure held together by
primary intramolecular bonding and by secondary intermolec-
ular bonding. The molecules in the water structure cannot
move at random but must move in accordance with the motion
of their neighbors. The whole system is continuous from
~ ~-i
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boundary to boundary and was pictured by Langmuir as a
single (polymerized). molecule. This concept is indicated
schematically in Figure 47.
FIGURE 47
MOLECULAR CONFIGURATION OF WATER AND THE WATER MOLECULE
Center of negal
Center of positive charge
- 4--- Axis of symmetry
H
Possible
pseudo-crystaline
water structure
I
__I_ I __
201
The primary bonds within the water molecule are among
the strongest linkages, the bond energy being 110 kcal per
mol. Pauling(84) listed only two other bonds, both involv-
ing the fluoride ion, which had higher bond energies. The
secondary bonds between adjacent molecules also are strong
but are not as strong as the primary bonds. Pajans(32)
indicated that the strength of the bonds between atoms in
the lattice was dependent on the distance between their
centers. As the atoms (or ions) composing the lattice be-
came larger, he showed that the bond strength, as indicated
by the boiling point, decreased.
Basically, there are two distinct types of chemical
bonds which characterize different types of compounds. The
first is the ionic bond which derives its strength from the
Coulombic forces of attraction between oppositely charged
particles. The second is the nonpolar linkage in which
electrons from each atom composing the bond are shared as
the electrons move on an equipotential path around the
atoms. The dividing line between the two types of bonding
is not distinct in actual molecules, for there are only one
or two compounds that exhibit pure ionic or pure nonpolar
linkages. The two types of linkages are indicated schemat-
ically in Figure 48 with a transition linkage which is
characteristic of most naturally occurring molecules.
_ 
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FIGURE 48
TYPICAL INTERMOLECULAR BONDS
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IONIC NON-POLAR TRANSITION
Because of the nonpolar characteristics of most or-
ganic linkages and of Fajans '(32 ) theory of the deformabil-
ity of ions which requires most of the electrical force of
attraction to be directed inward and not to be available for
linkages with other molecules, organic compounds generally
are not attracted strongly to the ionic water molecule.
Pauling (8 ) indicated that the bonds between atoms in the
water molecule were 15 per cent purely ionic in character
and 37 per cent nonpolar, the remainder of the bond strength
being attributed to ionic resonance*.
Relationship of Temperature to Bond Strength
The strength of intermolecular and intramolecular
bonds can be influenced by the amount of energy in the
bonds *hich is indicated relatively by the temperature of
* Resonance is a quantum mechanic concept resulting from a
consideration of the stability of proposed molecular or
atomic configurations.
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the water. As the temperature rises, the energy of the
intermolecular bonds increases until it becomes sufficient
to rupture them and vaporization occurs. The results of
the series of experiments concerned with the effect of en-
vironmental temperature indicated that as the temperature
increased, the killing rate was accelerated.
The addition of energy to bonds is required for the
operation of chemical reactions, the energy necessary for
the rupture of intramolecular bonds being defined as the
activation energy. It is of interest, therefore, to deter-
mine whether the temperature effect observed in this re-
search is characteristic of the rupture of intermolecular
bonds as in vaporization or of the rupture of intramolecular
bonds as in chemical reactions. It is possible to determine
the activation energy of the ultrasonic killing mechanism
in much the same way as Chang ( 8 3 ) determined the activation
energy of the thermodestruction of cysts of Endamoeba his-
tolytica. Using the simplified Arrhenius expression, the
activation energy is a function of the slope of the curve
showing the relation between the specific reaction rate and
the inverse of the absolute temperature. For any given
chemical reaction, the activation energy is a constant.
The results of the activation energy analysis are
presented in Figure 49. The figure shows that the activa-
tion energy was not constant over the course of the temper-
ature range involved. This means that the lethal mechanism
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is not characterized by a chemical reaction. Either the
mechanism involved a complex chain of chemical reactions,
or else it involved an element of mechanical action. Since
the results of Figure 22 show that, if the reaction were
chemical in nature, it would be a first order reaction, it
must be concluded that the action of ultrasound is mechan-
ical.
Since the activation energy analysis is concerned
with the rupture of intramolecular bonds, it is probable
that the environmental temperature of the bacterial suspen-
sions altered the strength of intermolecular bonds within
the water-bacteria structural continuum. As the tempera-
ture increases, the amount of rupture energy that mNst be
added to the bond by the sound wave decreases. For a given
sound intensity, the experimental results show that bonds
are ruptured more easily at higher temperature. The rela-
tionship of temperature to the ease of cavitation produc-
tion was substantiated by two other investigators.
Blake ( 1 2 ) studied the effect of temperature on
acoustically produced cavitation. As a result of his work,
Blake proposed the following empirical equation,
Po = k(T - T) + P'
where Po is the sound pressure necessary to produce cavita-
tion, Tp is the temperature at the boiling point, T is the
environmental temperature, and k and P' are constants.
_ -L~9 d~ily 911 . ~n
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Blake observed varying values of environmental temperature
between 10* and 50C0. He indicated that there might be a
correction to his empirical formula due to the vapor pres-
sure, but he stated that the vapor pressure was negligible
at the temperatures used. The equation indicates that, as
the environmental temperature increases, the acoustical energy
(in terms of sound pressure) required to produce cavitation
decreases.
The temperature effect was also observed by Schumb
and his associates ( 9 8 ) who presented the curves reproduced
in Figure 50. In their experimental work, the authors used
a magnetostriction rod with an aluminum cap on the end of
it to generate high intensity sound waves. They measured
the weight loss of the aluminum cap caused by cavitation
erosion of the metal under conditions of varying environ-
mental temperature. The curves in Figure 50 show that for
a constant value of acoustic intensity,increases of the en-
vironmental temperature resulted in greater losses of
metal when the temperature was below 50"C. Above this op-
timum temperature, the effect of the sound wave diminished
sharply until at 85*C. the loss of metal was very slight.
The decreasing effect is presumably caused by the increased
vapor pressures at higher temperatures. As the vapor pres-
sure increases, the violence of the collapse of the cavita-
tion bubble decreases for much the same reason that it
-f~Z~ry- r~CI . c-
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apparently deoreased when bacterial samples were sonorated
under vacuum conditions. However, considering only cavita-
tion formation, higher temperatures led to increased ef-
fects for a constant acoustic intensity.
Thus, the results of three basically different types
of research showed essentially the same thing. As the
temperature increased and the amount of additiacal energy
necessary to rupture intermolecular bonds decreased, a
given acoustic intensity produced more cavitation.
Surface Tension as an Indieatio of Bond Strength
In order to determine whether or not the strength of
intermolecular bonds' affects the degree of cavitation forma-
tion, it would seem reasonable to calulate the combined
strength of all the bonds in a given region and detervine
what tensile stress would be needed to rupture them. Un-
fortunately this is not as easily accomplished as it might
seen. Many investigators have studied the tensile strength
of water, but the results of theoretical and empirical de-
terminations differ by as much as three or four orders of
magnitude, the empirical strength being lower. The dis-
crepancies are caused by the fact that the theory deals
with the structure of pure water while experimental results
are obtained with water that contains impurities, in spite
of elaborate purification procedures.
-~9I1W~X . -e
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As an example of the discrepancies encountered, the
work of Brigs, et al, (1 8 ) might be mentioned. At the con-
clusion of their theoretical derivation for the tensile
strength of water they stated, "We would expect to multiply...
by a factor which should be in the order of 1000...in order
to get the observed dependence." Blake( 11 ) presented a com-
plete survey of the literature and concluded that even the
most careful research workers could not measure values of
the tensile strength that apprpached the theoretical.
Harvey and his associates (4 ) purified water by high speed
centrifugation for 30 minutes in order to remove dust par-
ticles and by subjecting the water to a pressure of 16,000
psi for 2 hours in order to force the micro gas bubbles
into solution, Even using this extensive preparation the
empirical results were lower than the theoretical by more
than two orders of magnitude!
From the factors indicated above it is obvious that
a mathematical determination of the combined strength of
a large number of bonds would be impractical and that a
qualitative representation must suffice. A macroscopic
indication of the strength of intermolecular bonds other
than the tensile strength is the surface tension.
Surface tension was defined previously as the work
necessary to enlarge a surface by one square centimeter.
Obviously, if work is required to enlarge the surface, it
aust be done against sorne force tending to maintain the
_ ~i~ . -ar
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surface size. The force is the intermoleular attraction
between the molecules in the liquid lattice. In water
the force is ionic in character.
According to Burdon( 1 9 ), when more than one molec-
ular species is present in the liquid structure, equilib-
rium is reached when the surface layers are composed of
molecules that make the free energy of the surface a min-
mum This means that surface tension depressants migrate
to the interfaces of the liquid system. If the free
energy of the surface is decreased, the surface can be
expanded by doing less work.
Schwartz and Perry(99 ) pointed out that surface
active agents were characterized by long, linear molecules.
One end of the molecule was compatible with the water sys-
tem, being connected to it by strong, secondary valence
forces, while the other end was hydrophobic.
The relationship of the length of the molecule to
the strength of intermolecular bonding was indicated pre-
viously in the consideration of water structure. The re-
lationship was also indicated by Lennard-Jones and Corner(69)
who calculated theoretical values of surface tension on
the basis of molecular configurations. According to the
authors, the surface tension was a direct function of the
intermolecular potential, Er$ which was related to cer-
tain molecular contents by the formula,
- -.- racllT-r
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where ro and $o were molecular constants of length and
energy and r was the distance between adjacent molecular
centers.
The presence of ionic and nonpolar groups on either
end of the surface tension depressant decreases the bond
strength between the water structure and the depressant
molecule. The ionic end of the molecule is attracted to
the water structure because water is ionic in nature.
The nonpolar end of the molecule is not attracted to the
water strongly because, as was mentioned previously, the
bonding between nonpolar and ionic groups is very poor be-
cause of the fundamentally different nature of each
group. Each group forms strong bonds among its own mem-
bers. As Langmuir(111) stated the case, "...hydrocarbon
chains tend to stick to each other because hydrocarbons
do stick to one another; that is, they don't vaporize at
ordinary temperatures, which proves that they stick to-
gether."
From the above discussion, it can be seen that the
decrease in surface tension occurs as a result of the de-
crease of the intermolecular banding forces due to the
introduction of noncompatible molecules into the liquid
structure. Decreasing the surface tension should allow
cavitation to occur more readily.
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The results of the experiments with varying surface
tension show, however, that decreases in this factor resulted
in decreases in the killing rate. Apparently, the addition
of molecules that decrease the surface tension increase the
strength of intermolecular bonding at critical points, or
else the factor of bond strength has no significance to the
formation of cavitation. Since the surface tension does have
such a pronounced effect on the killing rate, which was not
explainable on the basis of bubble growth, it would seem that
the factor of bond strength should not be discarded too
casually.
Nature of the Bacterial Surface
Retumring to one of the original promises, it was
pointed out that cavitation had to occur adjacent to the
baeteria, surface in order to be effective. This means, that
the critical bonds that aast be ruptured do not occur at
random throughout the continuum, but they must be present in
the immediate- vicinity of the bacterial surface. It is of
interest#, therefore, to inquire into the nature of the
bacterial surface in order to determine the character of the
linkages between it and the water structure.
The character of the linkages is obscured somewhat by
the inability to define exactly what is meant by the bacterial
surfaee,- Strlr ( 7 5 ) pointed out that there were probably four
rather clearly defined shells or layers around the bacterial
. _Y_
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cell. These layers included the ionic atmosphere, the
capsule which is composed of waste products gradually going
into solution, a tightly bound layer whieh is removable
from the cell only by a process resulting in the death of
the organism, and the cell wall which is responsible for
the mechanical integrity of the cell.
Not only does the exact location of the bacterial
surface vary but the composition of the component layers of
of the surface also seems to vary from organism to organism.
Even on a given organism the chemical nature of the surface
is difficult to determine. Knaysi ( 6 6 ) stated that the cell
wall seemed to consist of macromolecules, 70 to 100 m4 long,
imbedded, parallel to the wall, in a homogeneous ground
material, the composition of which was unknown. He indicated
that the chemical composition of the cell wall appeared to
be a complex carbohydrate but that the presence of cellulose,
hemiaellulose, chitin, and mucins was conceivable. He con-
sidered that the slime layer (the capsule) was of similar
composition to the cell wall. Dubos(30) indicated that the
claims that the cellulose and chitin were components of the
cell wall were not substantiated.
Insofar as the death of the organism is eoncernd, it
does not make too much difference where the rupture -occurs
in the bacterial surface because the thlckness of the layers
is only about 0.1 . However, in determining the nature of
tlr~ayyPU
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the bond between the layers, the location of the rupture
is of significance. The rupture will obviously occur at
the weakest link in the bacterial sarface% Since the cell
wall is bound very tightly to the next adjacent layer, it
seems that the rupture must occur at one the three other
interfaces.
It was indicated previously that ionic groups at-
tracted one another; nonpolar groups had an affinity for
one another; but the two types of compounds were not
mutually attracted because of the basic difference in the
nature of the bonds that they formed. On this basis, one
may well conclude that t he weakest link between te layers
of the bacterial surface must occur between the organic,
nonpolar constituents of the capsule and the polar consti-
Utetas of the ionic atmosphere. At the other two interfaces,
the groups on either side are of similar nature, and it
would be expected that the linkages across these interfaces
are stronger.
This consideration resolves to a certain extent the
apparent anomaly that existed concerning the relationship
of the surface tension to the killing rate. The surface
tension of water was decreased because intermolecular bonds
between water molecules were weakened, however, these same
surface tension depressants can increase the strength of the
interfacial linkages at the bacterial cell. The polar ends
- 1-31~ -
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of the depressant molecules bond strongly to the polar con-
stituents in the ionic atmosphere while the nonpolar ends
bond to the nonpolar constituents of the capsule, and the
linkages across the interface are strengthened.
Thus, the experimental results on surface tension
may be interpreted as were the results on temperature, in
terms of bond strengthening or weakening. These considera-
tions lead to the proposal of a modified lethal mechanism.
D. Modified Lethal Mechanism
A schematic representation of the modified lethal
mechanism is presented in Figure 51. The mechanism may be
delineated more formally as follows:
a) As high intensity sound waves pass through water, they
introduce localized conditions of pressure and tension
into the water-bacteria structural continuum.
b) The tension causes the rupture of interfacial linkages
in the bacterial surface between the ionic atmosphere
and the capsule and gives rise to the formation of
cavitation bubbles.
c) The low pressure or tension zones promote the production
of cavitation bubbles as the result of the growth of
gas nuclei, but these cavities in general do not con-
tribute to the lethal action because they are not
mI
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usually adjacent to the bacterial cell.
d) The collapse of cavities adjacent to the bacterial
cell under the influence of the pressure portion of
the sound wave results in the formation of a high
pressure shock wave.
e) The high pressure shock wave, being formed adjacent
to the bacterial cell, ruptures the cell wall spilling
the intercellular contents and the cell dies.
f) Subsequent tensile stresses result in the further
destruction of the cell wall until only fragments
remain.
Substantiation of Mechanism
The mechanism proposed above for the lethal action of
ultrasonic vibrations on bacteria suspended in water is based
on the results determined in the course of the experimental
vork of this research and on an interpretation of these re-
sults in the light of the theoretical concepts of the behavior
of molecules and molecular systems. The hypothetical mechanism
is compatible with results obtained in previous researches
where the investigators have reported the experimental con-
ditions sufficiently. The concept of the influence of inter-
facial linkages has been substantiated to a great extent by
the work of Pease and Blinks 8 5 ) who studied the production
of cavitation from liquid-solid interfaces when the liquid
--
1) High intensity sound warve
passing through water pro-
duces alternate compressive
and tensile stresses in
the water. ** _. . ' ,. .'.. - .;.., . u:4- .,,
2) At the bacterial surface
linkages between the water
structure and the bacterial
cell are poor.
(see Figure 52) Bacteriol Cell
3) Tensile stress ruptures
liquid and cavitation bubble C
forms .- m e E
-0
4) Succeeding compressive
stress collapses bubble.
5) Because there is nothing
to cushion implosion,
high pressure shock
wave results. 7 x100 atm.
pressure
6) Shook wave, being formed Cell wall
ad acent to the bacterial l/
cell, strikes the cell wall. Proto--
plasm
7) Cell wall, unable to vritthstand
the shook wave, ruptures and Proto
the cell dies. - oasm
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SCHEMATIC REPRESENTATION OF
MODIFIED LETHAL MECHANISM
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was completely degassed.
Pease and Blinks placed their samples in a glass
container against which they drove an electromagnetically
controlled piston. The action of the piston on the glass
wall was similar to that of a single pulse from a sound wave.
The authors cleaned the glass walls of the container care-
fully and filled it with degassed water. When the piston was
driven against the wall, no cavitation formed under these
circumstances. Then they coated the inside of the glass
container with a sodium stearate monolayer and again drove
the piston against the container wall. Under the second set
of experimental conditions, cavitation was profuse even when
the intensity of the blos was markedly reduced. Using the
above situation as a reference condition, they studied the
cavitation inhibition caused by the addition of certain
chemical compounds to the water. The followi table sum-
marizes the results of their experiments:
Compound Cavitation Inhibition
Gelatin (dilute) +++
Egg albumin (dilute) ++
Potassium butyrate 0
Sodium bensoate 0
Sodium stearate +++
Sulfonated soap +++
L-euine +++
-- )i f~C~YI~IL P-
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Compound Cavitation Inhibition
Alkaline leucine +
Glycine ++
Glycerol + (+)
Ethylene glycol 0 (+)
Phenol ++
Potassium chloride 0
2% Ammonia 0
The authors concluded from the evidence above that
the varying degrees of cavitation inhibition resulted from
the presence of nonpolar and ionic groups on some of the
molecules and on the varying lengths of the molecular chains,
their reasoning being indicated schematically in Figure 52.
Although the authors did not report the surface tension of
the various solutions, it is obvious that those chemicals
that suppressed cavitation were typical surface active agents
as described previously.
At the interface between the ionic atmosphere and the.
cell capsuale it was indicated previously that the molecular
situation was similar to the sodium stearate monolayer condi-
tions described above. Therefore, the addition of similar
compounds to both systems should result in a diminution of
the bactericidal rate that is qualitatively similar to the
inhibition of cavitation. A conparison between the experim
mental results presented in this thesis with the results ob"
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FIGURE 52
RELATIONSHIP OF MOLECULAR
LINKAGES TO CAVITATION FORMATION
Water 
GLASS
WALL
Deaerated water and glass form a
good linkage so that ultrasound
cannot rupture the structure and produce cavitation.
O0 0
Water o000o Sodium stearateASS
When a sodium stearate monolayer WALL
is added to the glass wall, the linkage
between the water and the wall is very poor
and cavitation is produced easily by ultrasound.
Water
Gelatin Sodium stearate
/ GLASS
When a molecule with a non-polar WALL
and an ionic end, such as dlatin
is added to the water, a s rong linkage is
re-established and cavitation production is inhibited.
Water
o
Sodium nitrate o Sodium steate
o 0 Sodium stearate00 GLASS
However, when a molecule in WL
which both ends are of similar'
nature, such as sodium nitrate, is added
to the water, there is no effect on the linkage
other than to increase the distance betvween the water
and the wall, and cavitation is produced easily.
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tained by Pease and Blinks shows that this is actually
the case. Those compounds which exerted the greatest
depression on the ultrasonic killing rate, gelatin and
l-leucine, were among the compounds that suppressed cavi-
tation formation the best.
E. Interpretations of Modified Lethal Mechanism
The lethal mechanism proposed above as the result of
the experimental findings can be used to explain the varia-
tions in the ultrasonic killing rate caused by various opera-
tional factors encountered in sanitary engineering practice
such as pH and turbidity.
pH
It was indicated previously that bonding between the
bacterial surface and the water structure was very weak be-
cause of the incompatibility of the fundamental natures of
the two phases. Yet it is known that most bacterial cells
have weak hydrophil ic characteristics. According to
Knaysi (66), when most bacteria are placed in a water-oil
interface, the cells move into the water. The question
that arises concerns the nature of the bond that causes
this action.
Based on the discussion of Pauling 8 4 ) , it seems
probable that the linkage between the bacterial surface
and the water structure is composed of low energy (about
5 kcal per mol) hydrogen bonds, the bond being determined
by the electronegativity of the atoms. Those atoms that
_Y.. rr~itbV c~r~L
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possess particularly strong hydrogen bonding charateristics
are fluorine, oxygenj nitrogen, and chlorine. Pauling
indicated examples of the occurrence of hydrogen bonds both
in water and in numerous organic compounds such as urea,
glycine, earboxylic acids, and several alcohols. In con-
elusion, Pauling stated that he felt that the hydrogen bond
probably was of great importance in determining the structure
and properties of biological substances.
If the hydrogen bond is responsible for a linkage
between the bacterial surface and the water structure, aside
from linkages caused by the chance presence of molecules
with polar and nonpolar ends, the concentration of hydrogen
ions in the suspending medium should influence the number of
interfacial linkages. The results of experiments on the
pH effect showed that the hydrogen ion concentration did not
affect the lethal action during the first 20 minutes of the
test run, but that thereafter the killing rate increased
markedly in those samples which were buffered at higher pH
values.
These results may be explained on the basis that
the bacterial suspension normally carries with it enough
hydrogen ions to form a certain number of linkages with
the water. During ultrasonic treatment the hydrogen bonds
are ruptured, along with the other linkages. If the sample
is not buffered so that more hydrogen ions are available to
I _ _ _
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rebuild linkages, cavitation forms more easily and the
killing rate increases. When the sample is buffered at
high pH values, the concentration of hydrogen ions is not
great enough to create new linkages as rapidly as they are
destroyed by ultrasound, and the killing rate increases as
soon as a basic number of linkages are destroyed. Obviously,
higher pH levels means that new linkages are created slower,
and the time at which the killing rate begins to deviate
from the initial rate occurs sooner.
Turbidity
Thus far the major developments of the lethal mechanism
have been concerned with the weak points in the water-bacteria
structural continuum that occurred at the interface of the
ionic atmosphere and the cell capsule. However, the lethal
mechanism indicated that the formaticn of cavitation as the
result of the growth of micro gas bubbles was definitely not
excluded, but that the location of these cavities was such
that they did not affect the lethal action significantly.
These alternate nuclei may decrease the lethal effect of
ultrasound to a certain extent by promoting the formation of
cavitation away from the bacterial cell, thus relieving con-
ditions of localized tension. If the ultrasonic vibrations
are intense, the protection offered by alternate weak spots
does not seem to be sufficient to suppress the lethal action
of ultrasound or even to inhibit it significantly.
3~tlC-C"IL ~---~
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The addition of turbidity to the bacterial suspension
did not inhibit the ultr&sonic killini rate appreciably.
The reason seems to'be that there was probably enough dust
and gas in the water al eady so that the additional turbi-
dity did not have a significant effect. Another possible
reason is that the strength of the linkages between the
turbidity particles and the water structure was greater than
that at the bacterial surface, in which case the latter
linkages would probably be ruptured preferentially.
The results of the kaolin turbidity experiments are
particularly instructive on this point. The number of turbi-
dity particles in the lowest cancentration (0.7 ppm) was
just the about the same as the number of bacterial cells.
The ultrasonic killing rate was not altered significantly
when this amount of turbidity was added. Even when the con-
centration was 1000 times as great, the inhibition of the
lethal action was not excessive. At the highest concentration
the number of weak spots was apparently sufficient to absorb
enough acoustic energy to decrease the killing rate.
An interesting side-light to the problem of' alternate
cavitation nucleation is indicated by the results of the
study of M. phlei. It was shown that the presence of M. phiei
in the bacterial suspension with E. coli decreased the death
rate of the coliform orgmaisms. M. phlei is an acid-fast
bacterium Yhich differs from normal bacteria in that cells
~~La~llllll)-
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of the organism placed in an oil-water interface move into
the oil rather than the water. The chemical composition of
the cell surface is such that the nonpolar characteristics
are very much more in evidence than those of normal bacteria.
Under these circumstances the M. phlei nuclei apparently pre-
dominate over the E. coli nuclei because the bonding is so
much weaker. The coliform organisms are protected by the
presence of the acid-fast bacteria which seem to be inherently
able to resist the lethal action of ultrasound because of
their encapsulated cell walls. The concentration of M. phlei
was approximately the same as that of the coliforms. A com-
parison of the inhibition of the E. coli death rate by the
same relative concentration of particles of kaolin turbidity
and cells of the acid-fast bacteria shows that the nonpolar
characteristics of the bacterial cells made them much more
effective as alternate cavitation nuclei.
Thus the effects of pH and turbidity can be explained
through the use of the modified lethal mechanism which was
developed from the experimental observations because some of
the results obtained did not seem consistent with the proposal
of the original lethal mechanism. It is difficult to conceive
the manner in which the effects of operational variables such
as pH or turbidity would have been explained by the bubble
growth mechanism. The mechanism of the bactericidal action
of ultrasound developed in this thesis allows a prediction
of the results to be expected if ultrasound were applied in
sanitary engineering practice.
-~tr*rw -m- r
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Based on the findings of this investigation, the
following conclusions may be drawn:
1) The formation of cavitation adjacent to the bac-
terial cell is essential to the lethal action of
ultrasonic vibrations.
2) Cavitation is formed at the interface of the bac-
terial surface and the water structure by the rup-
ture of interfacial linkages.
3) The bacterial cell is destroyed by the rupture of
the cell wall and cytoplasmic membrane under the
impact of the shock wave resulting from the col-
lapse of the cavitation bubble.
4) The combination of acoustic intensity and ambient
pressure must result in the formation of tensile
stresses that will rupture the interfacial link-
ages. If the ambient pressure is too high, or the
acoustic intensity too low, the lethal effect will
not be evidenced.
5) The interfacial linkages are strengthened when the
bacterial suspension is buffered at low pH levels.
They are also strengthened when compounds are
present in the suspension which lower the surface
tension. In both cases the lethal action of
ultrasound is inhibited.
TI-~lrYY-.-~-Y
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6) The interfacial linkages are weakened as the temp-
erature of the suspending medium increases. At an
acoustic intensity of 5.7 watts/sq.cm. the killing
rate is almost instantaneous when the temperature
is 600 C.
7) The strength of the cell wall influences the suscep-
tibility of the organism to ultrasonic disruption.
The strength may be modified either by chemicals or
by the normal metabolic processes of the organisms.
8) The killing rate varies with the age of the bacte-
rial culture being greatest at the end of the lag
phase and during old age. The minimum susceptibil-
ity to ultrasound occurs immediately after the end
of the logarithmic growth phase.
9) Cell morphology affects the killing rate inasmuch
as highly organized organisms with greater cellular
complexity are more susceptible to the lethal ac-
tion of ultrasound. Cysts of Endamoeba histolytica
are destroyed rapidly, the time required for com-
plete disinfection being between 30 seconds and 1
minute.
10) The presence of turbidity in amounts less than 500
ppm does not have a significant inhibitory effect
on the lethal action of ultrasonic vibrations.
-t~L~I1IICc
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11) The presence of organic surface tension agents in
sewage and industrial wastes will probably limit
the applicability of ultrasound greatly since the
killing rate increases approximately as the 6.5
power of the surface tension.
12) The attenuation of the sound wave by the presence
of cavitation bubbles limits the amount of acous-
tic energy that can be applied to the sample by
plane crystals.
13) On the basis of present cost considerations the
bactericidal effect of ultrasonic vibrations does
not seem to have any application to the sanitary
engineering problems of water purification and
waste treatment. The cost of sterilizing 1 mil-
lion gallons of water might be expected to be
about $15,000 for electrical power alone.
14) For industries in which the final product is rel-
atively high-priced, such as beverage or pharma-
ceutical industries, the bactericidal properties
of ultrasound have many practical potentialities.
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VII
SUGGESTIONS FOR FURTHER STUDY
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Based on the experimental results obtained in this
research and on the theoretical explanation of the re-
sults, several factors seem worthy of further study.
These factors should be designed to determine the instru-
mentation necessary to obtain the optimum bactericidal ef-
fect for a given acoustical input. These factors include:
a) A determination of the relationship of the depth
of the sample to the ultrasonic killing rate in
order to ascertain whether or not significant in-
creases in the lethal action may be obtained by
reducing the amount of sound wave attenuation
caused by cavitation bubbles.
b) A study of the empirical relationship of the ambi-
ent pressure to the violence of collapse of the
cavitation bubble. The study should be carried
out at various ambient pressures, counteracting
the pressure inhibition of cavitation formation
by increasing the acoustic intensity.
An important contribution to the scientific knowl-
edge of the action of ultrasound might be made by
studying quantitatively the interrelationships
among acoustic intensity, ambient pressure, and
environment al temperature.
c) A determination of the effect of ultrasound on the
metabolic rate of microorganisms. Studies should
-- I e I
232
be carried out on the metabolic rates while the
organisms are in a weak sound field. Studies
should also be carried out to determine whether
or not the ability of ultrasound to disperse
clumps of bacteria results in an increased metab-
olic rate over extended time periods.
d) A study of the bactericidal effect of ultrasound
on flowing liquids. This will necessitate the
construction of a constant flow circuit through
the active sound field. It is suggested that
barium titanate ceramics should be used to gener-
ate the ultrasonic vibrations.
e) Numerous problems concerning public health aspects
should be studied eventually. These include stu-
dies on the following:
i) Mosquitoes, flies, and other insects in
the various stages of their growth cycle.
ii),Protozoan parasites such as the etiolog-
ical agents of schistosomiasis, filariasis,
etc.
iii) Liquid beverages other than water, espe-
cially milk.
~-;e~uc~--I-CL
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APPENDIX A
STATISTICAL METHODS AND CALCULATIONS
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Statistical Variations of Single Samples
In order to determine the statistical reliability
of plate counts used in the qualitative work of this re-
search, a series of 90 identical counts were made from a
single bacterial suspension. The petri dishes were inoc-
ulated directly from the bottle containing the bacterial
suspension without intervening dilution.
The mean value of the observed plate counts was
77-5. The counts ranged from a minimum of 48 to a maximum
of 109. The standard deviation of the distribution of ob-
servations was 9.64. Based on 95 per cent confidence lim-
its ( + 20), the error involved in a single plate count
might have been as much as 24.8 per cent. Since the mean
of 3 plate counts was always used in the experimental work,
the error involved in a single determination was decreased
to 14.3 per cent.
The error involved in the determinations was prob-
ably caused by the unequal distribution of bacterial
cells within the sample bottle. Presumably, if the bac-
terial suspension had been agitated sufficiently, the
error in the determination could have been reduced consid-
erably.
The sampling technique used in test procedures
often involved serial dilutions before inoculation of the
petri dishes. Assuming that the same error of unequal
m235
distribution holds for each step of this dilution tech-
nique, the variation involved in a given enumeration
might have been as much as 45 per cent. This figure is
determined for a sampling technique involving two dilu-
tions (the maximum number used), and is based on the
assumption that the bacterial distribution within the
sonorated sample was uniform.
Statistical Variation of Test Runs
During the course of the testing procedure 27 iden-
tical runs were made on E. coli suspensions maintained
at 600F. The bacteria were suspended in buffered dis-
tilled water. The following table summarizes the re-
sults of a statistical analysis based on the hypothesis
that the distribution of
Exposure Time
minutes
3
6
15
25
40
60
Mean
82.18
60.75
24. 04
11.57
1.22
0.172
data was a normal distribution.
Range
54.5-108.9
27.6-107.8
5.6-43.0
1. 1-26.4
o0. 06-5.16
0.000-2.418
Standard
Deviation
15.36
18.17
10.33
9.29
1.48
0.167
Per Cent
Error*t
37.3
59.8
86.1
160.4
240.5
187.9
Per cent error based on 2 times the standard
deviation.
- -i
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The error involved in the determination of a single
test point (mean of triplicate plate counts) varied con-
siderably during the course of a test run. The error in-
creased with the exposure time for two reasons. In the
first place, a given absolute variation in the plate count
resulted in a higher percentage deviation in the latter
part of the run because the total number of bacterial cells
decreased. More important, the number of organisms surviv-
ing ultrasound is a function of the killing rate and the
exposure time. If the killing rate is assumed constant
during the course of any one run, the variation in bacte-
rial numbers caused by slightly differing rates between
runs must become greater as the exposure time increases.
In order to determine whether or not the results
were normally distributed, the third and fourth moments
were calculated at two different exposure times. The cal-
culations showed that the distribution was not normal.
Although the third moment demonstrated that the distribu-
tion was not skewed, the fourth moment indicated that the
test distribution was flatter than normal. This means
that the values of +2a do not represent 95 per cent confi-
dence limits, the data included within these bounds being
something less than 95 per cent of the total.
In the analysis of test data for each set of experi-
mental conditions, the information obtained after a given
237
exposure time was averaged and individual values that
deviated from the mean by more than 20 were excluded.
Under these circumstances, it was realized that some test
data were discarded which would ordinarily have been in-
cluded if the distribution had been normal. Some judg-
ment was used in the elimination of data because of this
factor.
Statistical Reliability of Micro Dissolved
Oxygen Determinations
In order to determine the reliability of single ob-
servations of dissolved oxygen determined by the micro
technique described in Appendix C, a series of 25 analyt-
ical determinations was made on the same portion of water.
The results of the statistical analysis of the determina-
tions showed that the mean was 8.30 ppm. The range of
values extended from 7.81 to 8.67 ppm. The standard devi-
ation was 0.24 from which the error of a single observa-
tion based on 95 per cent confidence limits was computed
to be 5.75 per cent.
-_T4~r ~ .-
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APPENDIX B
MICRO DETERMINATION OF DISSOLVED OXYGEN
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The gas content of test samples was measured by the
sodium azide modification of the Winkler method for the
determination of dissolved oxygen(1 0 5 ) . Since air was in
contact with the test sample, the gas content was approximately
3 times the dissolved oxygen concentration. Dissolved oxygen
determinations were made in a 10 ml hypodermic syringe by the
following procedure.
A small portion of sample was drawn into the syringe
along with the air bubble which was trapped in the hypodermic
needle. The air bubble was expelled from the syringe, and all
but 0.1 ml of the sample portion was wasted. The syringe was
then filled to the 2 ml mark with the test sample. The needle
was wiped to remove the excess sample, and 0.2 ml of manganous
sulfate was drawn into the syringe. The syringe was again
wiped clean, and another ml of sample was added. After wiping
the needle a third time, 0.2 ml of the alkaline potassium
iodideWl adtm azide reagent was added. Following a final wiping
of the needle, 2 ml of sample were drawn into the syringe,
the syringe was sealed by driving the needle into a small rubber
stopper, and the sample was shaken.
The wiping procedure outlined above was used to prevent
contamination of the sample and the reagents. The two reagents
were drawn into the syringe in separate steps to avoid orecip-
itation within the hypodermic needle. The final 2 ml of the
- m -
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sample washed all of the reagents into the syringe where the
reaction took place.
After the hypodermic needle and syringe were shaken
sufficiently to fix the dissolved oxygen, the stopper was
removed from the needle and 0.2 ml of concentrated sulfuric
acid was introduced into the syringe. When solution of the
precipitate was completed, the syringe was emptied into a
small (25 ml) erlenmeyer flask and was then washed 3 times with
a total of 5 ml of distilled water, the washings being added
to the flask. The sample was then titrated, using N/100
sodium thiosulfate, in the usual manner to the starch iodide
endpoint. Since the total volume of the sample, including the
portion remaining in the hypodermic needle, was 5.1 ml, 1 ml
of the N/100 sodium thiosulfate was equivalent to 15.7 ppm
of dissolved oxygen.
All of the reagents were prepared according to Standard
Methods ( 1 0 5 ) except the thiosulfate which was made up in a
concentration of N/100 and preserved with N/100 sodium hydroxide.
The thiosulfate was standardized by the normal bi-iodate
me thod.
_ -LS - -~lclrr--~---
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